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Résumé 
 
Les piARN (Piwi-interacting RNAs) sont des petits ARN spécifiques des cellules germinales 
qui fonctionnent en tant que gardiens de l'intégrité du génome. La biogenèse des piARN est 
relativement mal comprise comparée à celle des miARN et des siARN. Des études 
approfondies conduites chez la souris et la drosophile ont conduits à la proposition de deux 
modèles de biogenèse des piARN: la voie primaire et la voie secondaire. Un grand nombre de 
facteurs protéiques ont été identifiés pour être impliqués dans ces deux voies. Dans cette 
thèse, nous nous concentrons sur les études fonctionnelles de deux facteurs protéiques 
nouvellement identifiés, Tdrd12 et Exd1, dans les voies piARN. Les protéines à domaine 
« Tudor » constituent la plus grande famille de protéines impliquées dans la voie des piARN. 
Au cours de cette étude, nous avons identifié une nouvelle protéine contenant un domaine 
« Tudor », Tdrd12, qui est essentielle pour la biogenèse secondaire des piARN chez la souris. 
Tdrd12 interagit avec MILI et Tdrd1 pour former un complexe. La perte de fonction de 
Tdrd12 provoque une stérilité spécifique des mâle et conduit à l’activation des transposons, en 
raison de l’altération de la production de piARN chez la souris. MIWI2 dépourvue de piARN 
est ensuite délocalisée du noyau vers le cytoplasme, ce qui induit une réduction de la 
méthylation de l'ADN. 
 
                Dans l'étude de la fonction moléculaire de Tdrd12 dans la lignée cellulaire BmN4 
qui est dérivée des ovaires de Bomby mori (ver à soie), nous avons identifié un facteur associé 
à Tdrd12 contenant un domaine exonucléase, Exd1 (Exonulcease domain-containing 1), 
comme un nouveau facteur dans la voie piRNA. Tdrd12 interagit avec Exd1 et Siwi via son 
domaine hélicase à ARN et le 2ème domaine « Tudor » respectivement. Exd1 forme un 
homodimère via son hélice C-terminale. Les expériences biochimiques ont révélées que Exd1 
est une nucléase inactive et qu’elle possède une activité de liaison de l'ARN. Fait intéressant, 
Exd1 est un gène qui a évolué rapidement avec des longueurs différentes de la partie C-
terminale dans différentes espèces. En particulier, l’orthologue de Exd1 chez Drosophilid est 
dépourvu du domaine LSM dans son l'extrémité N-terminale, ce qui aboli son interaction avec 
Tdrd12. L’inactivation du gène CG11263 chez la mouche n'a pas d'effet sur l'expression du 
 
 
transposon et la fertilité. L'étude génétique chez la souris serait utile pour révéler le rôle 
biologique de Exd1 dans la voie des piARN. 
 
 
Summary 
 
Piwi-interacting RNAs (piRNAs) are germline specific small RNAs that function as guardians 
of genomic integrity. piRNA biogenesis is poorly understood relative to miRNA and siRNA 
biogenesis. Extensive studies of piRNA pathway in mice and Drosophila have led to the 
proposal of two piRNA biogenesis models: primary and secondary piRNA biogenesis 
pathways. A large number of protein factors have been identified to be involved in the piRNA 
pathways. In this thesis study, we focus on the functional studies of two newly identified 
protein factors, Tdrd12 and Exd1, in the piRNA pathways. Tudor domain containing proteins 
constitute the largest protein family in the piRNA pathway. Here we found a new Tudor 
domain protein, Tdrd12, which is essential for secondary piRNA biogenesis in mice. Tdrd12 
interacts with MILI and Tdrd1 to form a complex. Loss-of-function of Tdrd12 leads to the 
male specific sterility and transposon activation, due to the impaired piRNA production in 
mice. MIWI2 depleted of piRNAs is mislocalized in the cytoplasm from the nucleus, and 
results in the reduced DNA methylation.  
 
             In the molecular function study of Tdrd12 in Bomby mori (silkworm) ovary derived 
cell line-BmN4, we identified Tdrd12 associated factor, Exonulcease domain-containing 1 
(Exd1), as a new factor in the piRNA pathway. Tdrd12 interacts with Exd1 and Siwi via its 
RNA helicase domain and 2nd Tudor domain respectively. Exd1 form homodimer via its C-
terminal helix. Biochemical assay revealed that Exd1 is an inactive nuclease and possess RNA 
binding activity. Interestingly, Exd1 is a fast evolving gene with various C-term lengths from 
different species. Particularly, Exd1 ortholog in Drosophilid lacks Lsm domain at the N-
termini, which abolish its interaction with Tdrd12. Disruption of CG11263 gene in flies has 
no effect on transposon expression and fertility. Genetic study in mice would be helpful to 
reveal the biological role of Exd1 in piRNA pathway.  
 
 
 
Abbreviation 
 
Ago                           Argonaute 
ATP                           adenosine triphosphate 
Aub                           Aubergin 
cDNA                       complementary DNA 
DGCR8                     DiGeorge Syndrome Critical Region 8 
DTT                          dithiothreitol 
dpc                            days post coitum 
dpp                            days post parturition 
EDTA                       ethylenediaminetetraacetic acid 
EMSA                       electrophoresis mobility shift assay 
Exd1                         exonuclease 3’-5’ domain containing 1 
FBS                           fetal bovine serum 
FKBP6                      FK506 binding protein 6 
GTSF1                      gametocyte specific factor 1 
HP1                           heterochrmotin protein 1 
HRP                          horseradish peroxidise 
Hsp70/90                  heat shock protein 70/90 
H3K9me3                 histone H3 lysine 9 trimethylation 
IAP                           intracisternal A-partical 
IP                              immunoprecipitation 
IPTG                         isopropyl -D-1-thiogalactopyranoside 
LINE                         long interspersed element 
 
 
miRNA                     microRNA 
OSC                          ovarian somatic cell 
PABPC                     Poly(A) binding protein 
PAGE                       polyacrylamide gel electrophoresis 
PGC                          primordial germ cell 
piRNA                      Piwi-interacting RNA 
Piwi                          P-element induced wimpy testis 
pre-miRNA               precursor miRNA 
pri-miRNA               primary miRNA 
PRMT5                     protein arginine methyltransferase 5 
RDRP                       RNA dependent RNA polymerase 
RISC                        RNA-induced silencing complex 
RITS                        RNA induced transcriptional silencing 
RNAi                        RNA interference 
RT-PCR                   reverse transcription polymerase chain reaction 
RU                           response units  
sDMA                      symmetrically dimethylated arginine 
SDS                         sodium dodecylsulfate  
SPR                          surface plasmon resonance 
Tdrd12                     Tudor domain containing 12 
UTR                         untranslated region 
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      Chapter 1. Introduction 
 
 
1.1 Gene regulation by small RNA  
 
Eukaryotes produce a variety of different small RNAs that function as gene regulators in 
different ways, from mRNA degradation, translation inhibition to heterochromatin formation 
(Carthew and Sontheimer. 2009; Huntzinger and Izaurralde. 2011). Research in the last two 
decades leads us to a better understanding of how genes are regulated by small RNAs. To 
date, three main classes of small RNAs are identified: micro-RNA (miRNAs), small 
interference RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs). 
 
             lin-4 was the first miRNA found in C.elegans by Victor Ambros’s group in 1993 (Lee 
et al. 1993). lin-4 down regulates the expression of lin14 mRNA through base pairing to the 3’ 
UTR of lin14. The lin4 mutant C.elegans shows deficiency in development timing due to the 
misregulated lin14.  In 1998, Mello and Fire found that double-stranded RNAs (dsRNAs) 
could induce effectively gene repression in C.elegans (Fire et al. 1998), and this was coined 
RNA interference (RNAi).  
 
          Biochemical studies revealed the molecular mechanism by which RNAi works 
(Elbashir et al. 2000; Hammond et al. 2000; Zamore et al. 2000). Long double-stranded RNA 
(dsRNA) is processed into 21-23 nt small RNA, which is loaded into the complex known as 
RNA-induced silencing complex (RISC). The complex then cleaves the target RNA in 21-23 
nt intervals (Elbashir et al. 2000; Hammond et al. 2000; Zamore et al. 2000). In plants, similar 
sizes of RNA molecules were identified as well (Hamilton and Baulcombe. 1999). Later, 
miRNA was also found to be loaded into a similar RISC complex as siRNA (Hutvágner and 
Zamore. 2002). In addition, both miRNA and siRNA were found to be processed by the same 
enzyme, Dicer (Bernstein et al. 2001; Grishok et al. 2001; Hutvágner et al. 2001; Ketting et al. 
2001; Knight and Bass. 2001). All these indicate that miRNA and siRNA silencing pathways 
intersect in many instances. Argonaute proteins, which are highly conserved proteins, were 
identified as the core component of RISC complex (Hammond et al. 2001; Liu et al. 2004; 
Meinster et al. 2004; Tabara et al. 1999).  Argonaute proteins are recruited to the target RNAs 
via base-pairing between small RNAs and target RNAs.   
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              In 2006, a new class of small RNAs were isolated from mouse testes specific Piwi 
proteins (Aravin et al. 2006; Girad et al. 2006; Grivna et al. 2006; Lau et al. 2006) and fly 
ovaries (Saito et al. 2006; Vagin et al. 2006). These small RNAs are coined Piwi-interacting 
RNAs (piRNAs). piRNAs are essential for gametogenesis through repressing the transposons 
expression. Genetic studies have uncovered numerous protein factors involved in the piRNA 
biogenesis, indicating the complexity of the piRNA compared with the biogenesis of miRNA 
and siRNA. In this thesis, the study focused on the mechanisms of newly identified factors, 
involved in piRNA biogenesis.      
 
1.1.1 Argonaute proteins  
 
The common feature of small RNA-induced gene regulation is the RNA-induced silencing 
complex (RISC) assembled by a small guide RNA and an Argonaute subfamily protein, the 
functional core of RISC. Argonaute family proteins are highly conserved, and they can be 
divided into two major subfamilies: AGO and PIWI (Siomi et al. 2009). Both siRNAs and 
miRNAs associate with AGO subfamily proteins, which are expressed ubiquitously, while 
piRNAs associate with PIWI subfamily proteins, which mainly exist in germ cells. 
 
            Argonaute protein contains four domains: N-terminal domain, the PAZ domain, MID 
domain and PIWI domain (Figure 1.1A). The PAZ domain and MID domain anchor the 3’ 
and 5’ ends of the small RNAs respectively (Jinek and Doudna. 2009; Meister. 2013). The 
PIWI domain structure resembles the catalytic domain of RNase H, and possesses the target 
slicing activity (Figure 1.1B) (Jinek and Doudna. 2009; Meister. 2013). However, not all the 
Ago proteins have the slicer activity. For instance, only Ago2 has slicer activity among Ago1-
4 in mice (Liu et al. 2004; Meister et al. 2004).  
 
             The 5’ end of the guide RNA is tethered into the binding pocket formed by MID and 
PIWI domains through the interactions between the 5’ phosphate and the positively charged 
residues on the surface of the binding pocket (Elkayam et al. 2012; Frank et al. 2010; Schirle 
and MacRae. 2012). In the MID domain of human Ago2, there is a rigid loop that specifically 
interacts with uridine and adenosine instead of cytosine and guadinine, explaining the U and 
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A enrichment at 5’ ends of the eukaryotic miRNAs (Cora et al. 2014; Frank et al. 2010). The 
interactions between the guide RNA and Argonaute protein are mainly through the hydrogen 
bonds between phosphate/sugar backbones and residues, with very little involvement of the 
bases, consistent with the sequence variable nature of guide RNAs that Ago protein bind 
(Elkayam et al. 2012; Schirle and MacRae. 2012). The bases of the seed sequences (2 nt to 6 
nt) are continuously stacked and are splayed out, allowing it to base pair with target RNA. 
The 3’ end of the guide RNA is buried in the PAZ domain (Elkayam et al. 2012; Ma et al. 
2004). 
 
 
 
 
 
 
 
1.1.2 miRNA biogenesis 
 
Hundreds of miRNAs are expressed in organisms, from plants to animals, and many of them 
are phylogenetically conserved (Bartel. 2009; Voinnet. 2009). A large proportion of 
Figure 1.1:  Argonaute protein. (A) Domain organization of Argonaute protein. (B) 
Structure of human Argonaute 2 with guide RNA (red) (PDB code: 4EI3. Adapted from 
Schirle and MacRae. 2012). The 5’ and 3’ ends of guide RNA are anchored in the MID 
and PAZ domain respectively.  
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eukaryotic transcripts contain miRNA binding sites based on computational prediction, 
indicating the important roles for miRNAs in gene regulation (Bartel. 2009; Voinnet. 2009). 
Most of the miRNAs are encoded in the miRNA genes and the introns of mRNAs and some 
non-coding RNAs, and are transcribed by RNA polymerase II (Pol II) into primary miRNAs 
(pri-miRNAs) (Kim et al. 2009). The miRNA biogenesis comprises two major steps: pri-
miRNA processing and pre-miRNA dicing (Lee et al. 2002). 
              
              The pri-miRNA transcript forms a stem-loop structure with single strand flanking 
tails (Kim et al. 2009). The miRNA sequence is set in the 5’ or 3’ half of the stem. Pri-
miRNA is processed by a complex termed microprocessor, which comprises Drosha and 
DGCR8 (known as Pasha in Drosophila) (Figure 1.2) (Denli et al. 2004; Gregory et al. 2004; 
Han et al. 2004). Drosha, a member of the RNase III family protein, is the core nuclease (Lee 
et al. 2003). DGCR8 anchors to the basal single strand segment of pri-miRNA by sensing 
both the double-stranded stem region and basal single-stranded RNA (Han et al. 2006; Zeng 
and Cullen. 2005). Drosha cleaves on the stem at ~11 bp away from the junction between 
dsRNA and ssRNA via the interaction with DGCR8, releasing the precursor miRNA (pre-
miRNA). The two RNase III domains of Drosha form an intramolecular dimer, and each 
domain cleaves one of the two strands of the stem, generating a 2-nt 3’ overhang (Han et al. 
2006). The pre-miRNA is transported from the nucleus to the cytoplasm by exportin 5 
(Bohnsack et al. 2004; Lund et al. 2004; Yi et al. 2004).   
 
               Pre-miRNA is further processed by Dicer, a member of RNase III family, into 
mature small RNA, after transport into the cytoplasm (Bernstein et al. 2001; Hutvagner et al. 
2001; Ketting et al. 2001).  Dicer is highly conserved in eukaryotic organisms, and it contains 
two tandem RNase III domains (RIIID) and a double-stranded RNA binding domain 
(dsRBD). In addition, it contains a helicase domain and a PAZ domain at the N-termini. The 
structure solved from Giardia intestinalis Dicer reveals that the PAZ domain is separated 
from the two RNase III domains by a long α-helix, surrounded by the N-terminal domain 
which forms a flat and positively charged surface. The 2-nt 3’ overhang of pre-miRNA is 
docked in the PAZ domain, and the dsRNA helix is extended along the flat and positively 
charged surface of Dicer (MacRae et al. 2006). Similar to Drosha, the two RNase III domains 
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form an intramolecular dimer to create one catalytic centre with two catalytic sites. Each 
catalytic site cleaves one of the strands of the dsRNA (Zhang et al. 2004). The cleavage 
procedure is metal ion dependent, and the metal ions in each catalytic site anchor to the 
scissile phosphate on the ssRNA strand that will be cleaved (MacRae et al. 2006). Therefore, 
the distance between the PAZ binding pocket and the RNase III catalytic sites in Dicer 
determines the length of the mature small RNA. Different species contain different numbers 
of Dicer proteins. For instance, there is only one Dicer in mammals, while in Drosophila, 
there are two Dicer proteins, Dicer1 and Dicer 2, needed for miRNA and siRNA biogenesis 
respectively (Lee et al. 2004).  
 
                Similar to the requirement of DGCR8 for pri-miRNA processing by mammalian 
Drosha, Dicer also needs another cofactor, TRBP (known as R3D1/Loqs for Dicer1, R2D2 for 
Dicer2 in Drosophila) to fulfil its function (Figure 1.2) (Chendrimada et al. 2005; Jiang et al. 
2005; Liu et al. 2003; Saito et al. 2005; Tomari et al. 2004). Depletion of TRBP from cells 
affects the processing of pre-miRNA, leading to a lower amount of miRNAs and decreased 
RNAi efficiency (Chendrimada et al. 2005). Dicer cleavage leaves a ~22 nt RNA duplex 
loaded into an Argonaute protein. Heat shock proteins (Hsp70/Hsp90), together with Dicer 
and TRBP, form a loading complex and facilitate the short duplex miRNAs (or siRNAs) to 
load into Argonaute protein (Iwasaki et al. 2010; Miyoshi et al. 2010). The RNA strand with 
less stable base pairs at the 5’ end is usually selected as guide RNA, while the other strand 
(passenger strand) is cleaved by the Argonaute slicer activity and removed from the RISC 
(Matranga et al. 2005; Rand et al. 2005). In flies, the R2D2 in the RNA loading complex 
sense the thermodynamic difference between the 5’ and 3’ ends (Tomari et al. 2004). In 
animals, the 3’ ends of miRNAs are not modified, while the siRNAs loaded into Ago2 are. 
However, in plants, the 3’ ends of miRNAs are methylated as are siRNAs, described later (Yu 
et al. 2005).  
 
              As a gene regulator, miRNAs are also spatial and temporal tightly controlled at 
multiple levels (Ha and Kim. 2014; Kim et al. 2009). Many human diseases are associated 
with dysregulation of miRNAs. miRNAs can be regulated at each step during their biogenesis, 
including transcription, processing by Drosha, nuclear export, processing by Dicer and 
8
 
 
miRNA loading (Ha and Kim. 2014). miRNAs can also be regulated by modifying their 
sequences, such as polyuridylation and RNA editing. For instance, the pre-let7 miRNA is 3’ 
uridylated by TUT4 and LIN28 (Heo et al. 2008; Heo et al. 2009; Martin et al. 2008). The 
uridylated pre-let7 is resistant to Dicer processing and is degraded by the 3’-to-5’ exonuclease 
dis3L (Chang et al. 2013).  
9
 
 
                     
 
 
 
 
 
Figure 1.2: miRNA biogenesis pathway. In animals, the majority of the pri-miRNAs are 
transcribed from miRNA genes and introns of some coding genes. After cleaved by Drosha in 
the nucleus, the pre-miRNAs are exported to the cytoplasm, where they are further processed 
into mature miRNAs by Dicer. The mature miRNAs are loaded into Argonaute proteins to 
form RISC complex for gene silencing. Production of miRNAs can be regulated at multiple 
levels during their biogenesis. 
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1.1.3 Gene regulation by miRNAs  
 
The mechanism of the regulation of target RNA by miRNA is not well known compared to 
the miRNA biogenesis. Extensive research in the last decade lead to the proposal of two 
models explaining how miRNPs regulate mRNA targets: mRNA degradation and translation 
inhibition (Figure 1.3) (Huntzinger and Izaurralde. 2011). How these two mechanisms 
contribute to mRNA regulation, for instance, which predominantly controls the mRNAs, 
hasn’t reached an agreement. The evidences provided from different studies are controversial 
(Carthew and Sontheimer. 2009; Eulolio et al. 2008; Filipowicz et al. 2008; Huntzinger and 
Izaurralde, 2011). It is also unclear whether there is any correlation between mRNA decay 
and translation inhibition, and if so, how they coordinate. 
 
               mRNAs form a circular structure in eukaryotic cells through the interaction between 
the poly(A) binding protein (PABPC) and the eukaryotic translation initiation factor 4G 
(eIF4G), which is associated with the 5’-cap binding protein eIF4E (Derry et al. 2006). The 
circular structure of the mRNA is able to prevent mRNA degradation and promote their 
translation efficiency (Figure 1.3B). Opinions on how miRNA repress mRNA translation are 
conflicting. Some studies found that translation repression by miRNA occurs during the 
translation elongation step. The polypeptide may be cotranslationally degraded and the 
ribosomes drop off from the mRNA (Maroney et al. 2006; Nottrott et al. 2006; Olsen and 
Ambros. 1999; Petersen et al. 2006; Seggerson et al. 2002). Nevertheless, other studies 
revealed that the translation initiation is inhibited (Humphreys et al. 2005; Iwasaki et al. 2009; 
Mathonnet et al. 2007; Pillai et al. 2005; Thermann and Hentze. 2007; Wakiyama et al. 2007; 
Wang et al. 2006), probably through interfering the binding of the cap-binding complex to the 
5’-cap (Ding and Grosshans. 2009; Zdanowicz et al. 2009).  
 
               Another major contribution of miRNAs to mRNA regulation is the degradation of 
the target RNAs (Figure 1.3C). Genome-wide studies support that mRNA degradation 
contributes dominantly in the mRNA regulation (Guo et al. 2010; Krützfeldt et al. 2005; Lim 
et al. 2005). Research has revealed the inverse correlation between miRNAs and their mRNA 
targets (Giraldez et al. 2006; Mishima et al. 2006). In animals, mRNA degradation is mainly 
11
 
 
carried out by protein complexes recruited by the miRNA-Ago complex (miRISC). Ago2 
binds to the GW motifs in GW182, which further recruits effector complexes such as CCR4-
NOT and PAN2-PAN3 deadenylases (Behm-Ansmant et al. 2006; Fabian et al. 2009; Zekri et 
al. 2009). The mRNA is deadenylated, followed by the decapping by enzyme DCP2 and 
cofactors (Rehwinkel et al. 2005). The decapped mRNA is then degraded by the 5’-to-3’ 
exonuclease XRN1 (Braun et al. 2012).  
 
               Different models have been proposed due to the possible technique variability in 
different labs. Nevertheless, it is likely that each mechanism has specific contributions in 
different situations. Further studies are required to elucidate the detailed molecular 
mechanisms of mRNA regulation by miRNA.  
        
 
 
 
 
 
 
 
Figure 1.3: Gene regulated by miRNAs in animals. mRNAs form circular structure 
through the interaction between PABPC and eIF4F complex. Two mechanisms have been 
proposed for miRNA regulation: mRNA degradation (B) and translation inhibition (C). 
The miRISC complex is recruited to the 3’ UTR of the mRNA target through the 
interaction between AGO protein and GW182, which in turn binds to PABPC. GW182 
recruits the deadenylase complex CCR4-NOT complex to shorten the poly (A) tail, 
followed by decapping of the 5’ end by XRN1. miRNAs also inhibit translation, at both 
the initiation and the elongation steps.  
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1.1.4 siRNA biogenesis 
 
Studies of siRNA biogenesis were conducted in parallel with miRNA biogenesis given that 
they share the similar proteins for biogenesis. siRNAs are a class of small RNAs generated 
from long double-stranded RNAs, which are cleaved by Dicer into short double-stranded 
RNAs (~ 21nt) with 2 nt 3’-OH  overhangs (Figure 1.4) (Bernstein et al. 2001). The 3’ ends of 
siRNAs are methylated (Yu et al. 2005).  The short double-stranded small RNAs are loaded 
into Argonaute proteins. One of the strands is selected as the guide strand while the other 
strand is sliced by Ago protein and ejected for degradation (Matranga et al. 2005; Rand et al. 
2005; Tomari et al. 2004). This is similar to the miRNA strand selection process, although the 
protein factors involved in the process are different. R3D1/LOQS is needed for miRNA 
loading, while R2D2 is responsible for siRNA loading (Liu et al. 2003). Heat shock proteins 
are also essential for the RISC formation (Iwasaki et al. 2010; Miyoshi et al. 2010). siRNAs 
can be categorized into exogenous siRNAs (exo-siRNAs) and endogenous siRNAs (endo-
siRNAs). The exo-siRNAs are employed by some organisms like plants, flies, C.elegans to 
defend against viral infection (Voinnet. 2005). siRNA have been widely used as molecular 
technology to knockdown gene expression. Additionally, siRNA technology has a potential 
application in medicine. Extensive studies have indicated blurring of the boundary between 
these two classes of small RNAs. 
 
               Deep sequencing has led to the identification of endogenous siRNAs (endo-siRNA 
~21 nt) in C.elegans, flies (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; 
Okamura et al. 2008a) and mice (Tam et al. 2008; Watanabe et al. 2008). The majority of the 
endo-siRNAs are derived from sense-antisense double-stranded transcripts from transposons 
or protein coding genes; another small subset of endo-siRNAs are produced from self 
hybridizing long stem-loop transcripts (Kim et al. 2009). Therefore, endo-siRNAs can play a 
role in gene regulation and transposon repression (Chuang et al. 2008; Ghildiyal et al. 2008), 
similar to the roles played by piRNAs in the germ cells. The long double-stranded RNAs are 
cleaved by Dicer (Okamura et al. 2008b; Tam et al. 2008). In flies, miRNAs are generated by 
Dicer1 and bind to Ago1, whilst endo-siRNAs are generated by Dicer2 and associate with 
Ago2. However, endo-siRNA biogenesis requires R3D1/LOQS, which is also needed for 
13
 
 
miRNA biogenesis (Chung et al. 2008; Czech et al. 2008; Okamura et al. 2008). The 
mechanism in which endo-siRNA biogensis brings together proteins from two different 
pathways is unknown. In some organisms like C.elegans and plants, RNA dependent RNA 
polymerases (RDRP) enable amplification of the dsRNA substrate for new siRNA production 
(Chapman and Carrington. 2007). 
 
                
 
 
Figure 1.4: siRNA biogenesis pathway. siRNAs can be produced by Dicer enzymes 
from different sources. In C.elegans and plants, new double-stranded RNAs can be 
generated and processed by Dicer, leading to the amplification of siRNA production. 
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1.1.5 Function of siRNA      
          
siRNAs perform various functions in different organisms due to the diversity of their origin 
(Figure 1.5). The RNAi mechanism is employed by some organisms like flies and plants that 
lack the protein-based adaptive immune system to defend against pathogens such as viruses 
(van Rij et al. 2006; Voinnet. 2005; Wang et al. 2006). For instance, in flies and plants, the 
exo-siRNAs are generated from long double-stranded RNAs to fight against the viruses. The 
resources of dsRNA are diverse. For instance, dsRNAs can originate as transcripts derived 
from viral RNA replication or as stem-loop structure transcripts from viral DNA (Voinnet. 
2005). On the other hand, viruses have evolved mechanisms in order to counteract the RNAi 
system in the host. This is another example of an evolutionary arms race existing between the 
host and pathogens. In other cases, siRNAs can also carry out similar functions to miRNAs 
when they have partial complementarity with their targets. 
 
           Another important role of siRNAs is heterochromatin formation (H3K9) which was 
identified in S.pombe (Figure 1.5B) (Volpe et al. 2002; Moazed. 2009). The repetitive 
sequences in the peri-centromeric regions of S.pombe genome are enriched for histone H3 
methylated at lysine 9 (H3K9me) (Moazed. 2009). siRNAs generated by RNA dependent 
RNA polymerase (Rdp1) and Dicer from this region are associated with the RNA-induced 
transcriptional silencing (RITS) complex, which also contains Ago1, chromodomain protein 
Chp1 and the glycine/tryptophan (GW) motif-containing protein Tas3 (Sugiyama et al. 2005; 
Verdel et al. 2004). The RITS binds to the nascent transcripts via siRNA base-pairing and the 
binding of Chp1’s chromodomain to the methylated H3K9. The localization of RITS to the 
repeated loci promotes H3K9 methylation by recruiting the H3K9 methyltransferase-Clr4 
(Zhang et al. 2008). The methylated histones create binding sites for other heterochromotin 
proteins, such as Swi6 and Chp2. In plants, RNAi also promotes DNA methylation 
(Henderson and Jacobsen. 2007).  
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Figure 1.5: siRNA function model. siRNA can repress target genes both at post-
transcriptional and transcriptional levels. (A) The RIST complex with siRNAs perfect 
complementary to the target cleaves the targets. (B) In yeast, the RITS complex with 
siRNA is responsible for the heterochromatin formation.  
16
 
 
1.2 piRNA biogenesis and function in Drosophila 
 
piRNAs were initially found in a small RNA profiling study in Drosophila (Aravin et al. 
2003). A subset of endogenous germ cell specific small RNAs, which correspond to repetitive 
element sequences (e.g. retrotransposons), were discovered, and they were coined “repeated-
associated small interfering RNAs” (Aravin et al. 2003). In 2006, piRNAs from mouse testes 
(Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006; Lau et al. 2006; Watanabe et al. 
2006) and Drosophila ovaries (Saito et al. 2006; Vagin et al. 2006) were reported by several 
groups. piRNAs possess many features that distinguish them from miRNAs and siRNAs. 
Instead of being expressed ubiquitously like miRNAs and siRNAs, piRNAs are expressed 
specifically in germ cells, and are associated with germ cell specific Piwi subfamily proteins. 
In addition, piRNAs (~23-30 nt) are longer than miRNAs and siRNAs, and the 3’ ends are 
methylated (Horwich et al. 2007; Ohara et al. 2007; Saito et al. 2007). Defects in Piwi 
proteins or piRNA production can lead to animal sterility due to transposon derepression, 
indicating an essential role for piRNAs in transposon control and gametogenesis. piRNAs 
associate with Piwi proteins to form piRNA-induced silencing complexes (piRISCs) and 
cleave the transposon transcripts, similar to the role of RISC and miRNP in the siRNA and 
miRNA pathways. Both miRNA and siRNA production require Dicer, while piRNA 
biogenesis is Dicer independent (Houwing et al. 2007; Vagin et al. 2006). 
 
             piRNA biogenesis, due to its complexity, is relatively less understood compared to 
miRNA and siRNA biogenesis. This section introduces the current theories of piRNA 
biogenesis and its function both in flies and mice, the two most widely used model organisms.  
 
1.2.1 Primary piRNA biogenesis 
 
Extensive studies of piRNA biogenesis in flies has led to the proposal of two biogenesis 
models: the primary biogenesis pathway and the secondary biogenesis pathway (also known 
as the Ping-pong cycle) (Aravin et al. 2007; Siomi et al. 2011). Primary piRNAs are generated 
from specific genomic regions dubbed piRNA clusters that comprise truncated repetitive 
sequences (e.g. transposons). Alternatively, maternally deposited piRNAs are another source 
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of primary piRNAs (Aravin et al. 2007; Brennecke et al. 2008; Siomi et al. 2011). Production 
of secondary piRNAs is triggered by primary piRNAs (Brennecke et al. 2007; Gunawardane 
et al. 2007).  
There are three Piwi subfamily proteins expressed in Drosophila: Piwi, Aubergin 
(Aub) and Ago3. Aub and Ago3 are only expressed in germ cells, while Piwi is expressed in 
both germ cells and follicles cells, a single layer of somatic cells surrounding the germ cells 
(Figure 1.6A) (Brennecke et al. 2007). Sequence analysis of piRNAs in Drosophila has led to 
the proposal of the primary and secondary piRNA biogenesis models (Figure 1.6B) 
(Brennecke et al. 2007; Gunawardane et al. 2007). In addition, genetic studies have further 
supported that primary piRNA biogenesis exists in fly ovaries (Lau et al. 2010; Li et al. 2009; 
Malone et al. 2009). Most piRNAs can be mapped to piRNA clusters, which are considered to 
be repositories for piRNAs. Presumably, a long single-stranded RNA transcript is transcribed 
from the piRNA cluster by RNA polymerase II, and is further processed into mature piRNAs. 
The flamenco cluster, which is located on the X chromosome in somatic follicle cells, is one 
of the best studied piRNA clusters. The flamenco cluster harbors fragments of several 
transposons (ZAM, gypsy and Idefix), which are controlled by the antisense oriented of 
piRNAs produced from the flamenco cluster (Brennecke et al. 2007). Insertion of the P-
element into the promoter region leads to severe reduction of piRNA production from the 
flamenco cluster (Brennecke et al. 2007). The flamenco cluster transcription requires the 
transcription factor Cubitus interruptus (Goriaux et al. 2014). The flamenco transcripts are 
probably processed into shorter piRNA precursors by unknown enzymes in the nucleus or 
cytoplasm. The piRNA precursors are accumulated in the nuclear periphery granule before 
they are transported into Yb bodies. Different localizations of the granules, either on the 
nuclear or cytosolic side, have been revealed by two different groups (Dennis et al. 2013; 
Murato et al. 2014). The piRNA precursors are then transported to the cytoplasm and captured 
by Yb proteins. Finally they are localized to the Yb body, where piRNA biogenesis occurs 
(Murato et al. 2014; Olivieri et al. 2010; Qi et al. 2011; Saito et al. 2010). It is likely that the 
piRNA intermediates are randomly cleaved by certain endonucleases to create the 5’ ends of 
the mature piRNA. Zucchini, which was shown to be an endonuclease, is the prime candidate 
so far to fulfil this function (Voigt et al. 2012; Haase et al. 2010; Ipsaro et al. 2012; Nishimasu 
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et al. 2012; Pane et al. 2007). The processed piRNA intermediates with 5’ U ends are 
preferentially loaded into Piwi proteins, resulting in the U1 bias for primary piRNAs. A 
biochemical study in the Bombyx mori ovary-derived cultured cell line, BmN4, shows a 
similar loading pattern. Siwi (Aub ortholog in BmN4), bind piRNAs with U1 at the 5’ end 
much stronger than other piRNAs (Cora et al. 2014; Kawaoka et al. 2011). After loading into 
a Piwi protein, the 3’ end of the intermediate is trimmed by an unknown Mg2+ dependent 3’ to
5’ exonuclease, followed by 2’-O-methylation (Kawaoka et al. 2011).  
Whereas piRNAs are produced from only one strand of the flamenco cluster, the 
majority of piRNAs in germ cells are produced from both strands of the piRNA clusters, 
which are call “dual-strand clusters”. Primary piRNA production in the follicles cells and 
germ cells proceeds by different mechanisms. Recent studies have revealed that in 
Drosophila, the HP1 ortholog Rhino, localizes at the dual-strand cluster region and is required 
for the piRNA production from germ cell specific dual-strand clusters (Klattenhoff et al. 
2009; Zhang et al. 2014); however Rhino is not required for follicle primary piRNA 
production. Additionally, in germ cells, Rhino associates with Rai1/DX-related protein Cutoff 
and the DEAD box protein UPA56 to suppress splicing of the cluster transcripts, which may 
enable the cell machinery to distinguish the piRNA precursor from the gene coding messenger 
RNA (Zhang et al. 2014). However, the piRNA precursor transcribed from the uni-strand 
flamenco cluster are alternative spliced (Goriaux et al. 2014), indicating that a different 
mechanism may exist to distinguish flamenco piRNA precursors from mRNAs in follicle 
cells. 
Genetic screening in fly follicle cells and OSC have uncovered a number of key 
factors involved in the primary piRNA biogenesis and transposon repression (Handler et al. 
2011; Olivieri et al. 2010; Saito et al. 2010), including putative RNA helicases and Tudor 
domain containing proteins. Genome-wide RNAi screening in somatic follicle cells, germ 
cells and OSC cell lines have identified numerous factors essential for transposon silencing 
(Czech et al. 2013; Handler et al. 2013; Muerdter et al. 2013). These factors could possess 
functions in many different processes, from nuclear RNA export to transcription elongation. 
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Nevertheless, our understanding of the piRNA pathway is still very limited and more 
investigation is required.   
Prmiary piRNAs can also be sourced from a maternal deposit; this theory being 
supported by the hybrid dysgenesis study (Brennecke et al. 2008). The successful deposition 
of piRNA (or piRISC) from the female into the embryo provides resistance to transposons. 
However, the piRNA (or piRISC) cannot be deposited from the paternal germline into the 
embryo, as this leads to sterility of the progeny. 
Figure 1.6: Primary and secondary piRNA biogenesis pathways in D.melanogaster. (A) 
Cartoon representation of Drosophila egg chamber. (B) The piRNA pathway in the somatic 
follicle cells. Only one Piwi protein is expressed, and only the primary piRNA biogenesis 
pathway exists. piRNA production occurs in the Yb body. (C) Both primary and ping-pong 
cycle exists in germ cells. The Ping-pong cycle occur in the peri-nuclear nuage. The 
proteins involved in the primary pathway and ping-pong cycle are listed.  
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1.2.2 Secondary piRNA biogenesis (ping-pong cycle) 
In Drosophila, the primary piRNAs with U1 bias are associated with Piwi and Aub, and are 
mainly anti-sense orientation. Surprisingly, sequence analysis of fly piRNAs reveals that 
Ago3- associated piRNAs are mainly sense orientation (Brennecke et al. 2007; Gunawardane 
et al. 2007). Additionally, Ago3- associated piRNAs show a preference for adenosine at the 
tenth nucleotide from their 5’ ends. Furthermore, a large fraction of Aub- and Ago3- 
associated piRNAs can overlap by the first ten nucleotides from their 5’ ends (Brennecke et 
al. 2007; Gunawardane et al. 2007). All these observations have led to the development of the 
“Ping-pong” model of piRNA biogenesis (Figure 1.7). In the Ping-pong cycle, Aub is guided 
by its associated primary piRNA to the transposon transcript via base pairing, and cleaves the 
transposon transcript between the tenth and eleventh nucleotides from the 5’ end of the 
piRNA (Brennecke et al. 2007; Gunawardane et al. 2007; Nishida et al. 2007). One of the two 
cleaved fragments with 5’ phosphate is then loaded into Ago3 and further processed, probably 
in a similar way to the primary piRNA maturation step, into Ago3- associated mature piRNA. 
The other fragment with 3’-OH is degraded by unknown enzymes (Xiol et al. 2012). The 
Ago3, loaded with newly generated secondary piRNA, can also recognize and cleave the 
complementary sequence, generating more piRNAs that are identical to the primary piRNAs 
associated with Aub (Figure 1.7). Therefore, Aub- associated piRNA production is reinforced 
by this feed-forward loop. Transposon repression and secondary piRNA production occur 
simultaneously in the Ping-pong cycle. This model is further supported by a recent genetic 
study (Li et al. 2009). In Ago3 mutant flies, the production of Aub- associated piRNAs 
collapses, resulting in the derepression of transposons. The recent biochemical study 
presented a snapshot of the Ping-pong cycle (Xiol et al. 2014). The captured Ping-pong 
complex contains the two Ping-pong partners and the 5’ end processed piRNA precursor, 
which is protected by Vasa and is prevented from degradation. This explains why the cleaved 
fragment by the Piwi subfamily protein is further processed into new piRNA, instead of 
degraded as in miRNA and siRNA pathways (Xiol et al. 2014).  
In Drosophila, Aub and Ago3 are mainly expressed in the cytoplasm of the germ 
cells. However, Piwi proteins mainly exist in the nucleus of germ cells and follicle cells 
21
(Brenneck et al. 2007). Aub and Ago3 repress transposons by target cleavage activity at the 
post-transcriptional level. In contrast, Piwi proteins repress transposons at the transcriptional 
level. Piwi proteins block Pol II recruitment via establishing heterochromatic H3K9me3 
marks on transposons, and Malestrom and GTSF1 are involved in the repression (Dönertas et 
al. 2013; Huang et al. 2013; Ohtani et al. 2013; Sienski et al. 2012). Recruitment of HP1 to 
the chromatin by the Piwi protein might also contribute to repression (Wang and Elgin. 2011). 
The gene silencing function of Piwi at the transcriptional level is slicer activity independent 
(Darricarrère et al. 2013; Saito et al. 2010; Sienski et al. 2012). 
 
Figure 1.7: Ping-pong cycle of piRNA biogenesis in Drosophila. Secondary piRNA 
biogenesis is reinforced by the feed-forward loop. The slicer activity of the Piwi 
protein enables the definition of the 5’ end of piRNA due to cleavage of the target. 
The enzyme needed for the 3’ end formation remains unknown. Primary piRNAs are 
generated from the primary piRNA pathway or from maternally deposited piRNAs. 
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1.3 piRNA biogenesis and function in mice 
1.3.1 Mouse Gametogenesis and Piwi proteins 
Mouse gametogenesis is a multistage process through which primordial germ cells (PGCs) 
differentiate and finally produce elongated spermatids. The PGCs first undergo mitosis to 
become spermatogonia, which will give rise to the haploid spermatocytes after meiosis I and 
II, and finally generate mature elongated spermatids (Figure 1.8). The germ cells perform the 
task of transmitting genetic information to the next generation, so it is necessary to maintain 
germ cell genome integrity. Up to ~40% of the mouse genome is composed of transposable 
elements, which can induce mutations due to their ability to jump between positions in the 
genome, which lead to dsDNA breaks etc. A special defense system based on piRNA has 
evolved to equip the germ cell to defend against the transposons. This piRNA-based defense 
system is male-specific. Other systems like endo-siRNA probably perform the task of 
repressing transposons in the germ line of female mice. Piwi subfamily proteins and their 
associated piRNAs constitute the core of  
Figure 1.8: Mouse gametogenesis and PIWI/piRNA expression pattern. Elongated 
mature spermatids are produced from PGCs during spermatogenesis. In the embryonic stage, 
both MILI and MIWI2 are expressed, and they control transposons through DNA 
methylation and histone modification. In the post pachytene stage, piRNAs are mainly 
generated from unannotated intergenic genome regions, and their function is unclear. 
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the defense system. Loss-of-function of Piwi proteins leads to a defect in gametogenesis 
(Carmell et al. 2007; Deng and Lin. 2002; Kuramochi-Miyagawa et al. 2004). Three PIWI 
proteins are expressed in mouse gonads: MIWI (PIWIL1), MILI (PIWIL2) and MIWI2 
(PIWIL4), and they show different spatial and temporal expression patterns in gametogenesis 
(Figure 1.8). MILI has a broader expression profile than MIWI2 and MIWI. MILI is 
expressed from the embryonic stage from 12.5 dpc (days post coitum) to postnatal haploid 
round spermatids (Kuramochi-Miyagawa et al. 2004). MIWI2 exists only from 14.5 dpc to 3 
dpp (days post parturition) (Aravin et al. 2008), while MIWI is present only after the 
pachytene stage (P14) (Deng and Lin. 2002).  MILI and MIWI have been shown to possess 
slicer activity and suppress transposons at the post-transcriptional level (De Fazio et al. 2011; 
Reuter et al. 2011). The PIWI catalytic mutant mouse phenocopies the PIWI knockout mouse. 
Whilst MIW2 slicer mice didn’t show defects in fertility, suggesting that nuclear localized 
MIWI2 functions at transcriptional level, and the function is independent of slicer activity (De 
Fazio et al. 2011). Additionally, PIWI proteins possess symmetrically dimethylated arginines 
(sDMAs) at their N-termini, which play important roles in the piRNA pathway (Kirino et al. 
2009). The sDMAs can be recognized as a target and bound by the Tudor domain containing 
proteins, a large protein family in the piRNA pathway (Chen et al. 2009; Kirino et al. 2010; 
Nishida et al. 2009; Reuter et al. 2009; Vagin et al. 2009). Tudor domain containing proteins 
will be introduced later.   
1.3.2 Prepachytene piRNAs 
piRNAs in mice show different expression profiles in different developmental windows 
during the course of spermatogenesis. They can be grouped into two major populations: 
prepachytene piRNAs (including pre-natal piRNAs) and pachytene piRNAs (Figure 1.8). In 
the prepachytene piRNA stage, both MILI and MIWI2 are expressed. The majority of 
piRNAs (~45%) are generated from transposons, and the rest from noncoding RNAs (29.6%), 
unannotated regions (20.3%) and protein-coding genes (2.5%) (Aravin et al. 2008). The 
percentage of piRNAs from repeated sequences remains stable from the embryonic stage until 
10 dpp (Aravin et al. 2008). Prenatal piRNAs can be generated from one strand or double 
strands. Overall, the majority of prenatal piRNAs are from the antisense strand, with MILI 
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binding more sense strand piRNAs, and MIWI2 binding more antisense strand piRNAs 
(Aravin et al. 2008). Ping-pong signatures can be detected between MILI and MIW2 
associated piRNAs. MILI associated primary piRNAs can lead to the generation of secondary 
piRNAs loaded into MIWI2. This model is supported by genetic studies of loss-of-function 
and slicer mutants of MILI, also factors involved in the primary piRNA biogenesis (e.g. 
Mov10L1) (Zheng et al. 2010). In these mutant mice, MIWI2 is depleted of piRNAs and 
mislocalize into the cytoplasm. However, the MIWI2 slicer mutation does not affect piRNA 
biogenesis and mouse fertility, suggesting that the function of MIWI2 is independent of slicer 
activity (De Fazio et al. 2011). Therefore, unlike the feed-forward loop engaged between Aub 
and Ago3 in Drosophila, the process of MIWI2- associated piRNAs generated by MILI is a 
linear pathway. Consistent with this, mutations of factors only required for secondary piRNA 
biogenesis (e.g. Tdrd1, Tdrd9, Tdrd12, Mvh) do not show defects in MILI associated piRNAs 
(Kuramochi-Miyagawa et al. 2010; Pandey et al. 2013; Reuter et al. 2009; Shoji et al. 2009). 
Ping-pong signatures are also detected in the MILI associated piRNA population, and the 
intra-MILI Ping-pong signature is weaker in the MILI slicer mutant. This intra-MILI Ping-
pong cycle probably functions to fuel secondary piRNA production (De Fazio et al. 2011). 
Prenatal piRNAs and MIWI2 are responsible for the establishment of de novo 
DNA methylation and histone modification (Kuramochi-Miyagawa et al. 2008; Pezic et al. 
2014). In Mili and Miwi2 mutant mice, LINE1 and IAP transposons are upregulated due to a 
defect in the de novo DNA methylation at the promoter regions of these transposons 
(Kuramochi-Miyagawa et al. 2008). In addition to DNA methylation, the MIWI2-piRNA 
complex is also required for H3K9me3 histone modification on LINE1 (Pezic et al. 2014), 
similar to the function of Piwi in Drosophila. In Miwi2 mutant mice, LINE1 family 
transposons show decreased H3K9me3 histone modification and increased expression level 
(Pezic et al. 2014). The relative contributions of DNA methylation and histone modification 
to transposon repression is unclear. The molecular mechanism by which MIWI2 affects de 
novo DNA methylation and histone methylation also remains a mystery. One hypothesis is 
that MIWI2-piRNA complex targets the nascent transposon transcript via base-pairing, and 
recruits the effector complex to modify the DNA and histones. 
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1.3.3 Pachytene piRNAs 
Pachytene piRNAs are mainly generated from a distinct limited number of clusters in the 
intergenic region of the mouse genome (Aravin et al. 2006; Girard et al. 2006). The majority 
of the pachytene piRNAs are loaded into MIWI (Pillai and Chuma. 2011). The transcription 
of pachytene piRNAs precursors from the piRNA clusters is initiated by transcription factor 
A-MYB (Li et al. 2013). The majority of the pachytene piRNAs begin with uridine at 5’ ends, 
implying that they are generated from primary piRNA biogenesis. Unlike prenatal piRNA 
clusters, pachytene piRNA clusters show profound strand asymmetry (Aravin et al. 2006; 
Girard et al. 2006), which is notably different from piRNA clusters in Drosophila. In 
Drosophila, piRNAs can be mapped to cluster regions containing both sense and antisense 
complementary strands. However in mice, pachytene piRNAs are mapped to only one single 
strand in the cluster region, and also sometimes two clusters from opposite strands are closed 
to each other and share the same promoter region, known as a bi-directional cluster (Aravin et 
al. 2006; Girard et al. 2006). Although the piRNA sequences are not conserved, interestingly, 
the cluster locations on the genome are conserved in mammals (Girard et al. 2006). The 
importance and function of the syntenic loci of the piRNA clusters are unclear. MIWI slicer 
activity is required for spermatogenesis by cleaving LINE1 transcripts (Reuter et al. 2011). 
However, the function of the majority of the pachytene piRNAs generated from the 
unannotated region of the genome is still unknown. MIWI has been shown to associate with 
translational machinery, and control the spermatogesis by regulating mRNA stability (Deng 
and Lin. 2002; Grivna et al. 2006). MIWI most likely carries out its functions through 
multiple mechanisms. 
1.3.4 Cytoplasmic compartmentalization of PIWI-piRNA complex 
The piRNA pathway components are localized in two types of electron dense granular 
structures in the cytoplasm: pi-bodies and chromatoid bodies, which resemble the nuage 
granules in Drosophila germ cells. The pi-body is the RNP complex assembly in the cement 
of mitochondria (Aravin et al. 2009; Chuma et al. 2008; van der Heijden et al. 2010). The pi-
body exists from fetal prospermatogonia to meioticspermatocytes. MILI, along with other 
26
factors like TDRD1 localizes in the pi-bodies. However, MIWI2 localizes in another granules 
dubbed piP-bodies, which exist in a close proximity to pi-bodies (Shoji et al. 2009). It has 
been shown that the potential endonuclease Zucchini/MITOPLD, which is required for the 
processing of piRNA precursors, is located on the outer membrane of mitochondria. Therefore 
the pi-body is considered as the foci where piRNAs are produced. The interaction of the pi-
body and the piP-body reflects the Ping-pong operated between MILI and MIWI2. The 
chromatoid bodies can only be detected from the meiotic spermatocytes to the haploid 
spermatids (Chuma et al. 2008; Kotaja et al. 2006). Chromatoid bodies contain more protein 
factors than pi-bodies, and it might be the location where MIWI and MILI associated with 
pachytene piRNAs fulfill their functions. 
 
 
Figure 1.9: piRNA pathways in mice. (A) Prepachytene piRNAs are mainly generated from 
transposons and loaded into MIWI2 and MILI. MILI associated piRNAs are primary piRNAs, 
which can birth the secondary piRNAs loaded into MIWI2. MIWI2 equipped with piRNAs is 
imported into the nucleus and repress transposon at the transcriptional level via DNA 
methylation and H3K9me3 histone modification.  (B) Pachytene piRNAs are mainly produced 
from the unannotated intergenic region of the genome by primary piRNA biogenesis pathway. 
The function of MIWI is poorly understood. 
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1.4 Tudor Domain Proteins 
Tudor domain proteins were first found in the study of factors involved in embryonic 
development, and were named after an English royal family, the Tudors (Boswell and 
Mahowald. 1985). Tudor domain proteins are associated with many different cellular 
metabolisms, for instance, RNA splicing, RNAi pathway, piRNA pathway and histone 
modification. Hence Tudor proteins play important roles in many biological processes, like 
cell division, genome stability (Pek et al. 2012). Tudor domain is a conserved structural motif, 
a barrel-like fold, which is composed of several beta-sheets (Sprangers et al. 2003). Tudor 
domain recognizes the methylated arginine or lysine as target. For instance, Sm proteins, 
which form snRNPs with snRNAs and are essential for splicing machinery, contain 
symmetrically dimethylated arginines (sDMAs). These sDMAs are recognized by Tudor 
domain containing protein, the survival motoneuron (SMN) (Cheng et al. 2007; Fischer et al. 
1997; Pellizzoni et al. 1998). The association of SMN to Sm protein promotes the assembly of 
snRNP. 
In germ cells, PIWI subfamily proteins contain repeated arginine-glycine (RG) 
motifs at the N-termini, wherein the arginines are symmetrically dimethylated by 
mehyltransferase PRMT5 (Kirino et al. 2009). A number of Tudor domain proteins, which are 
essential for gametogenesis in both flies and mice, have been identified by proteomic studies 
(Table 1.1) (Chen et al. 2009; Vagin et al. 2009). They associate with Piwi proteins through 
the affinity binding to the sDMAs (Figure 1.10). Genetic studies have demonstrated their 
biological importance in the piRNA pathways (Siomi et al. 2011). For example, knockout of 
tudor genes in mice leads to the deficiency of spermatogenesis and male-specific sterility. The 
first Tudor protein that was identified to interact with Piwi protein in mice was Tdrd1 (Reuter 
et al. 2009). In Tdrd1 mutant mice, Miwi2 is depleted of piRNAs and mislocalized from 
nucleus to cytoplasm because Miwi2 associated piRNA production is impaired. Consequently, 
the DNA methylation level of LINE1 retrotransposon is reduced and LINE1 is desilenced. In 
addition to Tdrd1, there are many other Tudor proteins essential for the spermatogenesis and 
piRNA pathway have been discovered (Table 1.1).  
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Figure 1.10: Methylated arginine.  Arginine can be mono-methylated or 
dimethylated by protein arginine methyltransferase (PRMT5). Tudor domain binds 
to the symmetrically dimethylated arginine. 
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In Drosophila egg chamber, two different piRNA biogenesis pathways, the 
primary and secondary pathways, exist in somatic follicle cells and germ cells, respectively. A 
number of Tudor domain proteins have been identified playing important roles in these two 
pathways. In follicle cells, two Tudor domain proteins, Yb and Vreteno, are responsible for 
the primary piRNA production and transposon repression (Handler et al. 2011; Olivieri et al. 
2010; Saito et al. 2010). Yb is specifically expressed in follicle cells, while Vreteno is 
expressed in both follicle cells and germ cells. The piRNA precursor transcribed from the 
flamenco cluster is transported to the cytoplasmic discrete foci called Yb body, where the 
piRNA precursor processing occurs. Depletion of Yb and Vreteno from follicle cells leads to 
severe reduction of piRNA production and mislocalization of Piwi protein (Handler et al. 
2011; Olivieri et al. 2010; Saito et al. 2010). It is probably that Yb proteins capture and 
transport the piRNA intermediates to the flam body, the perinuclear foci adjacent to the Yb 
body (Murota et al. 2014). In the Yb body, Yb forms complex with Vreteno, Piwi and another 
essential primary piRNA biogenesis factor Armitage. The precursor transcript is processed 
within the complex and is subsequently loaded into Piwi protein. The detailed molecular 
mechanisms remain unclear.  
There are both primary and secondary piRNA pathways in the germ cells, and a 
set of different Tudor proteins are required for the piRNA biogenesis and transposon 
repression.  In germ cells, piRNA biogenesis occurs at the perinuclear structure called nuage 
(from the French word meaning cloud), where the piRNA biogenesis factors are localized. 
Similar to the function in follicle cells, Vreteno is required for the primary piRNA biogenesis 
in germ cells (Handler et al. 2011). Instead of Yb, there are two other Yb paralogs called 
brother of Yb (BoYb CG11133) and sister of Yb (SoYb CG31755), expressed in germ cells, 
and carry out a similar function as Yb in follicles cells (Handler et al. 2011). These Tudor 
domain proteins are co-localized in nuage. Because the secondary piRNA biogenesis (Ping-
pong cycle) is initiated by the primary piRNAs, therefore mutations of these Tudor domain 
proteins involved in primary piRNA pathway usually affect the Ping-pong cycle. 
Nevertheless, Ping-pong signature can still be detected from the piRNAs generated from some 
clusters (e.g. F-element) in Vreteno, BoYb and SoYb mutant flies, suggesting that these factors 
are only essential for the primary piRNA biogenesis, not for the Ping-pong cycle (Handler et 
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al. 211). The maternal deposited piRNAs are considered to initiate the Ping-pong cycle in 
these mutant flies. There are other Tudor domain proteins, like Spindle-E and Qin/Kumo, 
which only function in the Ping-pong cycle (Malone et al. 2009; Zhang et al. 2011). In the 
Spindle-E mutant flies, there is severe reduction of piRNA population. Only a subpopulation 
of piRNAs with 5’ U1 bias remained, indicating that Spindle-E has no affect on the primary 
piRNA biogenesis (Malone et al. 2009). In addition, other Tudor domain proteins, such as 
Tudor, Tejas and Tapas, were also shown to be involved in the Ping-pong cycle (Patil et al. 
2010). It is unclear the molecular mechanism by which these proteins function. Interestingly, 
the interaction between Tejas and Aub is sDMA independent, indicating another interaction 
model for Tudor domain protein and Piwi proteins.  
The complex structure of individual extended Tudor domain 11 of Tudor in fly, 
(eTud11), together with methylated peptide, revealed that sDMA is embedded into an 
aromatic cage (Liu et al. 2010), the complex structure of Tudor domain of mouse Tdrd1 with 
MILI pepetide harboring sDMAs revealed a similar binding mode (Mathioudakis et al. 2012). 
Structure of eTud11 from Tudor resembles the Tudor domain in other proteins, like Tudor-SN 
and SMN (Liu et al. 2010). The aromatic cage is composed of four aromatic amino acids from 
four beta sheets (Figure 1.11A and C). The side chain of the symmetrically dimethylated 
arginine is inserted into the cage, and the binding is maintained by cation-π interactions 
between the positively charged amino group of the arginine side chain and the aromatic 
resides (Figure 1.11B and D). Hydrophobic interaction and hydrogen bond are also involved 
in the binding (Liu et al. 2010; Mathioudakis et al. 2012).  
Despite extensive genetic studies of Tudor proteins in piRNA pathway, their 
detailed molecular functions still remain elusive. One possible function of Tudor proteins is to 
act as “scaffold platform”. On one hand, The Tudor proteins can recruit Piwi proteins to the 
granules where piRNA are produced. On the other hand, it is possible that the Tudor proteins 
containing multiple Tudor domains can bind to different Piwi proteins simultaneously, and 
brings different Piwi proteins (Ping-pong partners) together. The assembly of Piwi proteins 
could promote the Ping-pong cycle efficiency. A subset of Tudor family proteins also contains 
additional catalytic functional domains, such as RNA helicase domain, RNA recognition 
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motif, E3 ligase domain. These Tudor domain proteins may also work as effector proteins. 
There is also a possibility that not all the Tudor protein are involving in the piRNA biogenesis 
directly. They might affect the piRNA biogenesis indirectly through affecting the 
gametogenesis. 
 
    
 
 
 
 
 
 
 
 
  
Figure 1.11: Complex structure of Tud with sDMA peptide.  (A) and (C) The ribbon 
representation of the extended Tudor domain 11 of Drosophila Tudor and extended Tud3 
domain of mouse Tdrd1.  The canonical Tudor domain is enclosed in a black box (PDB 
code: 3NTH and 4B9X, respectively). (B) and (D) The sDMA binding pocket of the Tudor 
domain. The residues involved in the aromatic cage formation are shown in a stick model 
and indicated with numbers (PDB code: 3NTH and 4B9W, respectively). (Liu et al. 2010; 
Mathioudakis et al. 2012). The dashed line represents the hydrogen bond.  
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Chapter 2. Materials and Methods 
 
 
Cell cultures  
 
Two different cell cultures were used in this study, the insect cell cultures (BmN4 and OSC), 
and the mammalian cell culture HEK293T. BmN4 is a cell line derived from Bombyx mori 
(silkworm) ovary. It is gown in IPL-41 media (Life scicence; Cat. No. 11405057) 
supplemented with 10% fetal bovine serum (FBS) (Invitrogen; Cat. No. 16000044) and 0.2% 
Penicilline/Streptomyci, and are cultured at 27 °C. The BmN4 cells grow as a monolayer 
when they are freshly seeded in the new container. The secondary layer of cells will grow 
after 2-3 days. The cells with ~80% confluency are gently detached by pipetting and were 
passaged into new container according to the experiment requirement. For 
immunoprecipitation, cells were grown in 6-cm petri dish (Dutscher; Cat.No. 353004). For 
immunofluoresence analysis, cells were grown on the glass coverslips placed in 6-well or 12-
well plates.  
 
                   HEK293T cells are grown in DMEM (Dulbecco's Modified Eagle Medium) 
(Invitrogen; Cat. No. 21969-035) supplemented with 10% FBS and 1% 
Penicilline/Streptomyci at 37 °C.  HEK293T cells are split into 6 cm cell dishes for 
immunoprecipitation experiment. To passage the HEK293T cells, the cells were gently rinsed 
with pre-warmed PBS and treated with 1 ml typsine for 1 min. The cell can be detached by 
pipetting with new media 
 
RNA extraction and RT-PCR 
 
In this study, RNA was extracted from cell lines or tissues by Trizol (Invitrogen; Cat. No. 
15596026) following the protocol. In brief, cells or tissue was lysed in trizol. The cell debris 
was removed by spinning down. RNA was isolated from the supernatant by phenol-
chloroform extraction, and was precipitated in isopropanol. RNA was finally dissolved in 
DEPC treated water. The RT-PCR was done by SuperScript III Reverse Transcriptase kit 
(Invitrogen; Cat. No. 18080-044) following the protocol. The cDNAs were used as template 
for amplifying the target regions and subcloned into the vectors. The constructs used in this 
study are list in Table 2.1.  
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Transfection of plasmids into cell cultures  
 
Liposome based transfection and electroporation were used according to different cell cultures 
and experiment requirements. For BmN4 and immunoprecipitation (IP) experiment, 2 µg of 
plasmid was mixed with 200 µL IPL-41 media (without FBS and antibiotics) and 5 µL of X-
treme gene (Roche; Cat. No. 6366236001).  (The scale of the mixture is change according to 
the need in different experiments). The mixture was incubated at room temperature for 1 hour 
and dropped into to the cell culture. The cells were harvest 48 hours post transfection for 
further analysis.   
 
                Transfection of plasmids into HEK293 cells were carried out in a similar way. The 
400 ng plasmid DNA is mixed with 30 µL serum-free media and 1.5 µL Plus reagent 
(Invitrogen; Cat.No. 11514015), and are incubated at room temperature for 15 min. During 
the incubation time, dilute 1.5 µL lipofectamin (Invitrogen; Cat. No. 18324012) in 30 µL 
serum free media. The two mix systems are combined together. After incubation at room 
temperature for 15 min, drop the mixture into the plates. Change media into media with serum 
after 5 hr. Collect cells 48 hr post transfection for further analysis.   
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Preparation of antigen and antibody 
 
Two different antigens are used for rabbit immunization to generate polyclonal antibodies: the 
inclusion body dissolved in detergent (e.g. Urea) and the soluble protein. The non-conserved 
region of the protein sequence was sub-cloned into the bacteria expression vectors. The 
antigen was expressed in bacteria (BL21) and usually expressed as inclusion bodies. Cell 
pellet was resuspended in PBS containing 1 mM PMSF, and was sonicated with MISONIX 
Sonicator S-4000. Cell lysate was centrifuged at 15000 x g for 40 min at 4°C. Pellet was 
resuspended in buffer containing 100 mM Tris-HCl pH 7.0, 20 mM EDTA, 5 mM DTT, and 
was centrifuged at 15000 x g for 40 min at 4°C. High salt wash buffer containing 50 mM Tris-
HCl pH8.0, 60 mM EDTA, 6% (v/v) Triton X-100, 1.5 M NaCl and 5 mM DTT, was used to 
resuspend the pellet. After spinning down, High salt wash buffer without Triton X-100 was 
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added to resuspend the cell pellet to remove the remaining Triton. The pellet was finally 
dissolved in 8 M urea with agitation overnight. 
 
Antibody purification  
 
Different purification strategies were employed to purify the antibodies generated from 
soluble and insoluble antigens. The antibody generated based on the soluble antigen is 
purified using the column. The antigen is first incubated with CNBr-activated Sepharose 4B 
(Amersham) at 4 °C overnight. The beads cross-linked to the antigen were then incubated 
with the serum at 4 °C overnight. Put the bead into the column and allow the solution in the 
column to drain by gravity flow. The antibody bound to the antigen was eluted with Buffer A 
(100 mM Glycin-HCl pH 2.5, 150 mM NaCl), and immediately neutralizaed with Buffer B 
(500 mM Tris-HCl pH 8.0, 150 mM NaCl). The purified antibody is aliquoted and stored at 4 
°C for short perioids or at -20 °C for extended periods.  
 
                   Antibody generated from the inclusion body is also affinity purified but in a 
different way. Antigen dissolved in 8 M urea is loaded onto SDS-PAGE, and transferred to 
nitrocellulose membrane. Quick stain the membrane using ponceau S solution and cut the 
membrane part containing the antigen protein, wash in PBS-T to remove the ponceau 
pigment. The membrane then is incubated with 1-2 mL anti-sera, filled with 8 mL PBS-T in 
15 mL Falcon tube at 4 °C with shaking overnight. Wash the membrane with PBS, elute the 
membrane with buffer A (100 mM Glycine-HCl pH 2.5, 150 mM NaCl) (no more than 3 
min), immediately neutrolize with buffer B (500 mM Tris-HCl pH 8.0, 150 mM NaCl). The 
purified antibody is aliquoted and stored at 4 °C for short perioids or at -20 °C for extended 
periods. 
 
Immunofluorescence 
 
BmN4 cells grown on the coverslips were rinsed with PBS, and fixed with 4% 
paraformaldehyde (PFA) for 10 min. Cells were washed with PBS and permeabilized in 0.1% 
Triton X-100 for 4 min. Cells were blocked in blocking buffer (0.2% BSA, 0.1% goat serum, 
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0.1% Triton X-100 in PBS) for 10 min, followed by incubation with primary antibody (1:200-
1:1000 dilution) for 1 hr. Alexa Fluor conjugated secondary antibodies (Invitrogen) (1:1000 
dilution) were used for visualization. DAPI (5 µg/ml) is used to stain the nuclear DNA. Cells 
were examined using a Leica TCS SP2 AOBS inverted microscope.  
 
 
Immunoprecipitation (IP) 
 
Cells were rinsed gently with PBS and were collected in IP lysis buffer (25 mM Tris-HCl 
pH8.0, 150 mM NaCl, 0.5% Triton X-100, 0.1% NP-40) complemented with protease 
inhibitor (Roche; Cat. No. 05056489001). Tissue homogenizer was used to homogenize the 
cells. The cell lysate were further cleaned by spinning down at 16,000 x g for 10 min at 4 °C. 
A fraction of the supernatant was removed as loading control, while the rest of the supernatant 
was added to the affinity beads for immunoprecipitation. The HA-tagged protein was pull-
down by the Anti-HA affinity matrix (Roche; Cat. No. 11815016001). The endogenous 
protein was pull-down by protein G bead (GE Healthcare; Cat. No. 17-0618-01) coated with 
purified anti-serum. The affinity bead was incubated with the supernatant for 3 hours at 4 °C, 
followed by wash with IP buffer (25 mM Tris-HCl pH8.0, 150 mM NaCl and 0.1% NP-40). 
Immunoprecipitated complexes were treated with RNaseA (company) and RNaseT1 
(company) if required. SDS-loading buffer was added to the bead and the complex was heated 
at 95 °C for 5 min before resolved on SDS-PAGE and analysed by western blot.  
 
RNA extraction and radio labelling 
 
RNA was isolated with phenol/chloroform extraction from the immunoprecipitated complex. 
300 µL 1 x protease K Buffer (10 mM Tris-HCl pH 7.5, 5 mM EDTA, 1% SDS) and ~3 µg 
protease K were added to the affinity matrix after wash. The system was incubated at 50 °C 
for 30 min, and RNA was extracted by phenol-chloroform treatment in the following way: 
150 µL phenol was added into the system, vigorously vortex for 30 sec, add 150 µL 
chloroform, votex for another 30 sec. Spin down the mixture and carefully remove the upper 
layer (about 300 µL) to new eppendorf tubes. Repeat the phenol/chloroform extraction step 
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two to three times. The remaining phenol can be removed by another chloroform extraction. 
RNA was precipitated with ethanol and 7.5 M ammonium acitate at -20 °C. RNA was 
dephosphorylated with rAPid Alkaline Phosphatase (Roche; 4898141001), and was 
phophorylated at 5’ prime using T4 polynucleotide kinase (Fermentas; EK0031) in the 
presence of [ -32P]-ATP (PerkinElmer; 10 mCi/mmol). The radiolabeled RNA was resolved 
on denatured Urea-PAGE.  
 
 
 
SDS and Western Blot 
 
Different percentage of homogenous SDS-PAGE was prepared by mixing the following 
reagent shown in the following table (Table 2.1). Gradient gels (Life technologies; Cat. No. 
WG1401BX10) were used when required.  
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Proteins separated on SDS-PAGE were transferred to nitrocellulose membrane by semi-dry 
blotting equipment (Bio-Rad) (5V, overnight). The membrane was first blocked in blocking 
solution (5% non-fat milk in PBS-T), followed by incubation with primary antibody (diluted 
to an optimal ratio, usually between 1:200-1:500) in the blocking solution for 1 hr at room 
temperature. After washing with PBS-T, the membrane was incubated with HRP-conjugated 
secondary antibody (GE Healthcare) (1:10,000 dilution) for another 1 hr at room temperature, 
and washed with PBS-T. The detection solution (GE Healthcare; Cat. No. RPN2232) was 
added onto the membrane and incubate for 5 min. The membrane was exposed to films (GE 
Healthcare; Cat. No. 28-9068-37) and developed in the dark room.  
 
Small RNA library preparation 
 
Small RNA libraries were prepared using the NEBNext Multiple Small RNA Library Prep Set 
for Illmina (NEB; Cat. No. E7300S). RNAs extracted from the IP were first ligated with 3’ 
adaptor using. The RNAs ligated with 3’ adaptor were then hybridized to the reverse 
transcription primer. In this step, the excess of 3’ adaptor can be converted into double 
stranded molecules by hybridizing to the reverse transcription primer. This allowed the 5’ 
adaptor ligation occurs specifically to the small RNA while not the excessive 3’ adaptor. After 
the 5’ adaptor ligation, RT-PCR was performed to convert RNAs into cDNAs. Finally, PCR 
amplification was performed using specific primers and cDNAs as template. For total small 
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RNAs, the RNAs were first gel purified by urea-PAGE and the libraries were prepared as 
described above. The small RNA libraries were sequenced in EMBL Gene Core Facility. 
 
Protein expression and purification from bacteria 
 
The full-length Bombyx mori Exd1 (1-315 aa) was subcloned into a pETM-22 vector and was 
expressed as a His-Therodoxin-fusion protein using the E. coli BL 21 strain. 0.5 mM 
Isopropyl -D-1-thiogalactopyranoside (IPTG) was added to the bacteria when the OD600 
reach ~0.6. The proteins were expressed overnight at 18 °C following the induction. The 
proteins were purified by Ni2+-affinity chromatography in lysis buffer (25 mM Tris-HCl pH 
8.0, 150 mM NaCl, 5 mM DTT, 20 mM Imidazole) supplemented with protease inhibitor 
(Roche; Cat. No. 05056489001; one tablet for 50 ml of lysisi buffer), and followed by 
removal of the His-Therodoxin tag with 3C protease. The protein was further purified on an 
ion-exchange column (HiTrap Q HP; GE healthcare, 17-1154-01) and mono-dispersed 
fractions collected by gel filtration chromatography (Superdex 200; GE healthcare). Similar 
protocol was used for purification of all other proteins used for biochemical, biophysical and 
structural studies. 
 
    To obtain well-behaved core structural domains, the full-length Bombyx Exd1 
protein was subjected to limited proteolysis with trypsin. Approximately 120 µg of protein 
was incubated with 120 ng proteases at 22 °C, and an aliquote of 20 µg proteins were 
removed at different time-points: 0, 20, 40, 60, 80, 120 min. The resulting protein fragments 
were identified by acid hydrolysis and mass spectrometry (EMBL Proteomics Core Facility, 
EMBL Heidelberg). One of the fragments was robustly expressed and yielded crystals of high 
quality. 
 
 
Protein expression and purification from insect cells 
 
The full-length Bombyx mori Tdrd12 was subcloned into pACEBac-Sumo vector. The 
construct was transformed into DH10EMBacY competent cells and streaked out on plate with 
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antibiotics (Kan/Tet/Gent) and IPTG/X-Gal. The white colonies were inoculated and grown in 
3 mL LB cultures overnight. Centrifuge the cell culture 10 min at 3000 x g. Add 300 µL 
Buffer P1 (from Qiagen Miniprep Kit) to the pellet, pipep to resuspend and transfer to 
eppendorf tube. Add 300 µL Buffer P2 (Qiagen Miniprep Kit) and invert the tube gently until 
the mixture is homogenous. Add 300 µL Buffer N3 (Qiagen Miniprep Kit), and a white 
precipitation will appear. Invert the tube several times gently. Centrifuge the tube 10 min at 
max speed, transfer the supernatant into new eppendorf tube, and centrifuge another 5 min. 
Transfer the supernatant into a new eppendorf tube, add 700 µL of 100% isopropanol. Invert 
the tube gently and precipitate the DNA by spinning down for 10 min at max speed. Remove 
the supernatant and wash the DNA with 200 µL 70% ethanol. Remove the ethanol in the 
sterile hood and let the pellet dry for 10 min. Dissolve the pellet in 20 µL water. Transfect the 
DNA into Sf21 cells gown in 6 well plate (0.5-1.0 x 106/ml) with Fugene transfection reagent 
(Promega. Cat. No E2312). Collect the supernatant 48-60 hr post-transfection (this is V0). 
Add another 3 mL media into each well of the 6 well plate. Wait for another 48-60 hr and 
harvest the cells for western analysis. To amplify V1, add 3 mL of V0 into 25 mL Sf21 cells 
(0.5 x 106/mL). Count the cells every 24 hr. It is necessary to dilute the cells only when the 
cell concentration is more than 1.0 x 106/mL. Collect the supernatant (this is V1) 48 hrs after 
the cells stop growing. A large scale of protein is produced by infecting large amount of Sf21 
cells with V1.  Count cells every 24 hr and collect the cells ~3 days after the cells stop 
dividing. The protein purification was as described as Exd1 purification from bacteria.  
 
Electrophoresis Mobility Shift Assay (EMSA) 
 
The single stranded RNAs used in EMSA were ordered from Michrosynth (Table 2.2). 0.02 
pmol of 5’-[32P]-labeled RNAs were incubated with ~50 µmol purified recombinant proteins 
for 30 min at room temperature, and 1 hour on ice in binding buffer (10 mM Tris-HCl pH7.5, 
10% Glycerol, 50 mM KCl, 1 mM DTT) in a final volume of 20 µL. The samples were 
resolved by 10% native polyacrylamid gel electorphoresis. The electrophoresis was performed 
at room temperature. To avoid any heat generated during the electrophoresis, the gels were 
run at 5 V. After electrophoresis, the gels were dried and exposed to Phosphor Storage screen 
(GE Healthcare). 
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Surface Plasmon Resonance 
 
Surface Plasmon Resonance (SPR) experiments were carried out on a Biacore 3000 system 
(GE Healthcare) using a streptavidin-coated Sensor Chip SA (GE healthcare). The chip was 
washed with 1 M NaCl, 50 mM NaOH solution prior to the immobilization of RNA. A single-
stranded 5’-biotinylated 20-nt (5’-GAGCACCUGUGUUCAUGUCA-3’) synthetic RNA 
(Microsynth) was dissolved in a solution containing 25 mM MES-NaOH pH 6.0, 150 mM 
NaCl, and 2 mM DTT at a concentration of 0.02 µM and applied to Fc2 channel of the chip. 
To reduce mass transport limitations for reliable kinetics assays, repetitive injections of 10 µl 
of the above buffer were applied (flow rate = 10 µl/min) until the response units (RU) reached 
150-200 RU (Fc2-Fc1). BmExd1 (1-315), BmExd1ΔN (73-315) and BmExd1ΔC (1-274) 
were prepared in 25 mM MES-NaOH pH 6.0, 150 mM NaCl, and 2 mM DTT, and directly 
applied to a Fc2-Fc1 channel. 
A multicycle kinetic procedure was utilized to measure the binding. Analytes at 
appropriate range of concentrations (0.1 µM – 2 µM) were injected through Fc1 and Fc2 
channels to measure the binding. The flow rate was set at 20 μl/min. Data for a period of 160 
seconds of association and 300 seconds of dissociation were collected. The sensor surface was 
regenerated after every injection by washing with following solutions: 0.1% SDS, 1M NaCl 
and running buffer. The sensorgrams obtained from assay channel (Fc2) were subtracted by 
the buffer control and the Fc1 channel control, and then overlaid for kinetic fitting to obtain 
the binding on (kon) and off (koff) rates, and affinity (KD = koff/kon). The kinetic fitting was 
carried out with the Biacore 3000 evaluation software using 1:1 Langmuir binding model 
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(A + B = AB). χ2 is used as a statistical measure to evaluate how closely a model fits the 
experimental data. In general, a χ2 value lower than 5 is considered as a good fit to 
sensorgrams with normal noise level.  
 
UV cross-linking assays 
 
Proteins (2 µg) were incubated for 20 min at room temperature with 0.02 pmol of synthetic 
5’-[32P]-labeled 10-mer poly(U) RNA (Microsynth) in buffer (10 mM Tris-HCl pH 7.5, 50 
mM KCl, 1 mM DTT, 10% Glycerol) in a final volume of 20 µl. The solution mixture was 
then carefully deposited on the inner side of the cap of an eppendorf tube kept on ice, and 
irradiated for 5 min with a 254 nm UV lamp (Stratalinker 1800, Stratagene). The distance 
between the UV lamp and the sample is about 2 cm. After irradiation, samples were boiled for 
5 min in SDS loading buffer and resolved by 10% SDS-polyacrylamide gel electrophoresis. 
After electrophoresis, the gels were first stained with Coomassie Blue (for visualizing 
proteins) and then exposed to Phosphor Storage screens (GE Health) and scanned (Typhoon 
scanner; GE Health). 
 
 
Nuclease assay 
 
The single stranded RNA oligonucleotide substrate (ssRNA) used in nuclease assay was the 
same as RNA5 used in EMSA. ssRNA were labeled at the 5’ end with [ -32P]ATP and T4 
polynucleotide kinase (Fermentas; EK0031). ~0.02 pmol RNA substrate was mixed with ~ 50 
pmol purified recombinant BmExd1 proteins: FL (aa 1-315), ΔN (aa 73-315) and ΔC (aa 1-
274), and incubated at 27 °C for 1 hr. Two different buffers were used in the assay: Tris buffer 
(25 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM Ca2+ or Mg2+, 2 mM DTT) and MES buffer 
(25 mM MES-NaOH pH6.5, 150 mM NaCl, 2 mM Ca2+ or Mg2+, 2 mM DTT). Protease K 
treatment was used to terminate the reaction. RNA was isolated by phenol/chloroform 
extraction and was precipitated with ethanol, followed by resolving on 15% denaturing 
polyacrylamide gels. After electrophoresis, the gel was dried and exposed to Phosphor 
Storage screen (GE Healthcare). 
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UV-Crosslinking RIP-Seq 
 
Transfection of plasmid DNA into BmN4 cells was performed as described above. The cells 
were washed once with PBS 48 hr post-transfection, and were UV-irradiated at 254 nm, 400 
mJ/cm2 (Stratagene Stratalinker). Cells were lysed in lysis buffer (50 mM Tris-HCl pH 8.0, 
150 mM NaCl, 0.5% Triton X-100, 0.1% NP-40) supplemented with protease inhibitor 
(Roche; Cat No. 05056489001) and RNase inhibitor (Sigma; Cat. No. 94742-10ML). The cell 
lysate was precleaned by spinning down for 15 min at maximum speed at 4 °C. The 
supernatant was incubated with HA-affinity matrix (Roche Cat No. 11815016001) for 3 hr at 
4 °C. The beads were washed in a low-stringency buffer (50 mM Tris-HCl pH 8.0, 150 mM 
NaCl, 0.5% Triton X-100, 0.1% NP-40, 0.1% SDS), then washed twice in a high stringency, 
high-salt buffer (50 mM Tris-HCl pH 8.0, 750 mM NaCl, 0.5% Triton X-100, 0.1% NP-40, 
0.5% SDS), followed by protease K treatment. RNA was isolated by phenol/chloroform 
extraction, and was precipitated in ethanol. The RNA is dissolved in 20 uL DEPC-treated 
water and subject for strand-specific RNA-Seq library preparation. 
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Chapter 3. Functional study of Tdrd12 
in piRNA biogenesis 
Résumé 
 
Les ARNs interagissant avec  Piwi (piARN) sont spécifiquement exprimés dans la lignée 
germinale et ont le rôle de gardien de l'intégrité du génome. Leur biogenèse est complexe et 
relativement peu connue comparée à celle des siARN et miARN. De nombreux facteurs 
protéiques ont été identifiés, via dépistage génétique,  comme étant impliqués dans la biogenèse 
des piARN et dans la suppression des transposons chez la drosophile. Les protéines contenant 
des domaines Tudor constituent la plus grande famille de protéines dans la voie des piARN. En 
plus des domaines Tudor, certaines protéines Tudor contiennent d'autres domaines fonctionnels, 
tels que le domaine hélicase,  ou le domaine MYND. Le domaine Tudor se lie aux arginines 
symétriquement diméthylées (sDMAs) à l'extrémité N-terminales des protéines Piwi. La 
perturbation des gènes Tudor dans la lignée germinale résulte en l’échec de production d’piARN 
et un défaut dans la gamétogenèse.  
Néanmoins, les fonctions moléculaires des protéines Tudor restent encore un mystère. Un rôle 
moléculaire possible pour ces protéines est d'agir en tant qu’échafaudage pour faciliter le cycle 
« ping-pong » en recrutant des protéines Piwi grâce aux différents domaines Tudor. Ici, nous 
avons identifié « Tudor domain containing protein 12 » (TDRD12), une nouvelle protéine à 
domaine Tudor chez la souris. Tdrd12 n'a jamais été détectée par la spectrométrie de masse de 
protéines Piwi immunoprécipitées chez la souris. Nous révélons que Tdrd12 est un composant du 
complexe MILI immunoprécipité. Les études menées dans la lignée cellulaire BmN4, dérivée 
des ovaires de Bombyx mori (ver à soie), démontre que le second domaine Tudor est essentiel 
pour l’association des protéines Piwi. Fait important, nous démontrons que Tdrd12 est essentiel 
pour la spermatogenèse ainsi que la biogenèse des piARN secondaires chez la souris. Chez les 
souris mutantes pour Tdrd12, MIWI2 est déplétée en piARN et les transposons sont up-régulés. 
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Summary of the Chapter 
 
Piwi-interacting RNAs (piRNAs) are specifically expressed in germline and function as 
guardians of genomic integrity. Compared to siRNA and miRNA, the biogenesis of piRNA is 
more complicated and unknown. Numerous protein factors, through genetic screening, have been 
identified to be implicated in piRNA biogenesis and transposon suppression in Drosophila. 
Tudor domain containing proteins constitute the largest protein family in piRNA pathway. In 
addition to Tudor domains, some Tudor proteins contain other functional domains, such as 
helicase domains and MYND domains. Tudor domain binds to the symmetrically dimethylated 
arginines (sDMAs) at the N-termini of Piwi proteins. Disruption of tudor genes in the germline 
results in impaired piRNA production and defects in gametogenesis. Nevertheless, the molecular 
functions of the Tudor proteins still remain a mystery. One possible molecular role of the Tudor 
protein is to act as a scaffold to facilitate Ping-pong cycle by recruiting Piwi proteins through 
different Tudor domains. Tdrd12 was never detected in the mass-spectrometry from 
immunoprecipitated Piwi proteins in mice. Here we identified Tudor domain containing protein 
12 (TDRD12) as a novel Tudor domain protein in mice. We reveal that Tdrd12 is a component 
of the immunoprecipitated MILI complex. Studies carried out in Bombyx mori (silkworm) ovary 
derived cell line-BmN4 demonstrate that the second Tudor domain is essential for Piwi protein 
association. Importantly, we show that Tdrd12 is essential for spermatogenesis and secondary 
piRNA biogenesis in mice. In Tdrd12 mutant mice, MIWI2 is depleted of piRNAs and 
transposons are upregulated.  
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Article: Tudor domain containing 12 (TDRD12) is essential for secondary PIWI interacting 
RNA biogenesis in mice. 
 
Contribution to the publication 
The article was a collaboration between Ramesh Pillai lab and Shinya Yamanaka lab in Center 
for iPS Cell Research and Application, Kyoto University, Japan. Yamanaka’s lab provided the 
tdrd12 knock-out mice, while Pillai lab performed the experiments. My contribution to the 
published article is about the molecular dissection of Tdrd12 in BmN4 cell line in the secondary 
session of the article (Figure 2), which helps to understand the molecular function of Tdrd12 in 
the piRNA pathway in mice. The restricted expression of piRNAs and Piwi proteins in the 
germline make it difficult to carry out biochemical and molecular studies in mouse. An ideal cell 
line encompassing piRNA pathway could advance the studies of the molecular mechanisms. The 
widely used cell line Ovary Somatic Cells (OSC) derived from the follicle cells of the 
Drosophila egg chamber contains only one Piwi proteins and only the primary piRNA 
biogenesis pathway. In this study, we used BmN4 cell line, which is derived from the Bombyx 
mori (silkworm) ovaries. BmN4 contains two orthologs of Aubergine (Siwi in BmN4) and Ago3 
(BmAgo3 in BmN4) engaged in the ping-pong cycle in Drosophila. The ping-pong signature has 
been identified in the Siwi and Ago3 associated piRNAs. The ping-pong cycle is initiated by the 
primary piRNAs, therefore, both primary and ping-pong cycles exist in the BmN4 cell lines. 
Here, we reveal that in BmN4, BmTdrd12 interacts with the primary piRNAs binding protein 
Siwi, and the small RNAs from the immunoprecipitated BmTdrd12 show similar profile as Siwi-
associated piRNAs. All these indicate that Tdrd12 and Siwi form a complex, which might be 
essential for the secondary piRNA production. The domain mapping experiment suggest that 
second Tudor domain of Tdrd12 is the region where Siwi interact. CS domain is required for the 
localization of Tdrd12 in the nuage, the loci where piRNA biogenesis occurs. 
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Piwi-interacting RNAs (piRNAs) are gonad-specific small RNAs that
provide defense against transposable genetic elements called
transposons. Our knowledge of piRNA biogenesis is sketchy,
partly due to an incomplete inventory of the factors involved.
Here, we identify Tudor domain-containing 12 (TDRD12; also
known as ECAT8) as a unique piRNA biogenesis factor in mice.
TDRD12 is detected in complexes containing Piwi protein MILI
(PIWIL2), its associated primary piRNAs, and TDRD1, all of which
are already implicated in secondary piRNA biogenesis. Male mice
carrying either a nonsense point mutation (reproductive mutant
23 or repro23 mice) or a targeted deletion in the Tdrd12 locus are
infertile and derepress retrotransposons. We find that TDRD12 is
dispensable for primary piRNA biogenesis but essential for pro-
duction of secondary piRNAs that enter Piwi protein MIWI2
(PIWIL4). Cell-culture studies with the insect ortholog of TDRD12
suggest a role for the multidomain protein in mediating com-
plex formation with other participants during secondary piRNA
biogenesis.
helicase | DNA methylation | spermatogenesis
Repetitive mobile genomic elements called transposons area potential source of mutations causing genome instability.
They are particularly active in the germ line as mobilization can
be inherited, allowing them to spread in the population. To
counter this threat, animal germ lines have evolved a dedicated
class of 24- to 30-nucleotide (nt)-long small RNAs called Piwi-
interacting RNAs (piRNAs) (1–3). In mice, the piRNA pathway
is mainly active in the male germ line where all of the three Piwi
proteins (MILI, MIWI, and MIWI2) are expressed. Nuclear
MIWI2 is implicated in establishing transcriptional silencing in
embryonic germ cells by deposition of DNA methylation marks
on target transposon loci (4, 5). Cytoplasmic MILI and MIWI
have a role in maintaining repression by direct cleavage of trans-
poson transcripts using their endonucleolytic (Slicer) cleavage
activity (6–8).
Biogenesis of piRNAs is only beginning to be understood, but
two biochemically distinct pathways can be discerned. Primary
biogenesis describes conversion of long, single-stranded tran-
scripts arising from genomic loci called piRNA clusters (up to
100 kilobases long) into 24- to 30-nt piRNAs that associate with
MILI and MIWI (9). On the other hand, biogenesis of MIWI2-
bound piRNAs is indirect, whereby MILI-mediated slicer
cleavage of a target is proposed to initiate production of a new
secondary piRNA (4, 5, 7). This arrangement allows germ cells
to monitor activity of transposons and adaptively respond to it by
guiding MIWI2 to their genomic loci. Events that follow the
initial MILI cleavage of a target are unknown, partly because of
an incomplete knowledge of the components involved. Here, we
identify Tudor domain-containing 12 (TDRD12) in mouse Piwi
complexes and demonstrate its in vivo role in secondary piRNA
biogenesis and transposon silencing.
Results
TDRD12 Is a Component of the MILI Ribonucleoprotein Complex. Piwi
proteins are posttranslationally modified at their N termini by
symmetrical dimethyl arginine (sDMA) marks which serve as
ligands for tudor domains found in tudor domain-containing
(TDRD) proteins (10). Previous proteomic studies of mouse
Piwi complexes have identified almost every member of the
TDRD family (6, 11, 12). Uniquely, TDRD12 (also called ES-
cell associated transcript 8, ECAT8) (13) was never detected.
TDRD12 is composed of a central helicase and two flanking
tudor domains, along with a C-terminal CS domain (as present in
CHORD-SGT1 proteins) (Fig. 1A). It is highly conserved and
represented by a single gene in insects to human. The Drosophila
genome on the other hand has three members: Yb, Brother of
Yb (BoYb), and Sister of Yb (SoYb), all of which are implicated
in transposon control. Additionally, Yb is shown to be essential
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for primary piRNA biogenesis in the ovarian somatic follicle
cells (14, 15). We wished to examine the involvement of TDRD12
in the mouse piRNA pathway.
Like most members of the TDRD family, Tdrd12 expression is
restricted to the mouse gonads, and its expression domain
extends from embryonic to the adult stages in mouse testes (Fig.
S1A). We examined its presence in purified MILI complexes
isolated from adult testes (Fig. 1B). Consistent with previous
Piwi proteomics data (11, 16), TDRD12 was not detected in the
MILI immunoprecipitates whereas TDRD1, an established
interacting partner of MILI, was present (Fig. 1B and Fig. S1 B
and C). Nevertheless, direct immunoprecipitation of TDRD12
identified MILI and TDRD1 as components, suggesting that
only a subpopulation of MILI is in complex with TDRD12,
possibly explaining why it went undetected previously.
Interaction between MILI and TDRD1 is mediated via rec-
ognition of sDMA marks on MILI by the aromatic cage within
tudor domains of TDRD1 (17). However, a sequence alignment
of tudor domains from known sDMA binders and those from
TDRD12 orthologs reveals that amino acid residues critical for
constructing such an aromatic cage are absent in the TDRD12
proteins (Fig. 1C). This predicted inability to recognize modified
arginine was confirmed by isothermal calorimetry (ITC) meas-
urements (Fig. S1 D and E). Thus, direct interaction between
MILI and TDRD12, if any, should be independent of the
methylation status of MILI. Interestingly, RNase treatment re-
duced the recovery of MILI in TDRD12 complexes, indicating
the importance of RNA for complex formation (Fig. 1B and
Fig. S1C). The sensitivity of TDRD12-MILI complex towards
RNaseA prompted us to ask whether MILI-bound small RNAs
are present in the complex. We prepared two independent deep-
sequencing libraries of small RNAs present in TDRD12 com-
plexes from embryonic day 18.5 (E18.5) testes, where MILI and
MIWI2 are coexpressed. The TDRD12 reads were found to have
the same length profile (∼26 nt) as MILI-bound piRNAs, but not
that of the coexpressed MIWI2 (∼28 nt) (Fig. 1D). Based on
further analyses of nucleotide preferences (Fig. S2A), and
mappings to transposon consensus and embryonic clusters, the
small RNAs in TDRD12 complexes can be identified as those
that normally guide MILI in fetal germ cells. Presence of TDRD1
was not affected by the RNase treatment (Fig. 1B), indicating its
recruitment via protein–protein interactions with an unknown
partner within the complex, as TDRD1 and TDRD12 did not
interact directly (Fig. S2B). Taken together, TDRD12 exists in
a biochemical complex containing TDRD1 and the MILI piRNP,
linking it to the mouse piRNA pathway.
Roles of Tdrd12 Domains. To gain further insight into the function
of TDRD12, we wished to examine the importance of its mul-
tiple domains in vivo. As mammalian cell-culture models suitable
for piRNA studies are unavailable, we used the Bombyx mori
BmN4 insect cell-culture system (18). BmN4 cells express two
Piwi proteins, Siwi and Ago3, which display all known features of
the piRNA pathway found in the Drosophila germ line. Impor-
tant for our study, Siwi binds primary piRNAs whereas Ago3
accumulates secondary piRNAs, very much analogous to mouse
Piwi proteins MILI and MIWI2, respectively.
We mined a polyA+ trascriptome library to identify Bombyx
mori Tdrd12 (BmTdrd12) as the sole Tdrd12 representative in
BmN4 cells (Fig. 2A and Experimental Procedures). Using specific
antibodies to the endogenous BmTdrd12 (Fig. S3A), we dem-
onstrate its presence in a complex with endogenous Siwi, but not
Ago3 (Fig. 2B). The complex formation between Siwi and
BmTdrd12 is further confirmed with tagged Piwi proteins (Fig.
2C). Deep sequencing of small RNAs in HA-BmTdrd12 and
endogenous BmTdrd12 complexes supports the biochemical as-
sociation data by identifying small RNAs that share sequence
features (Fig. 2D) and transposon-mapping characteristics that
are similar to Siwi-bound piRNAs (Fig. S3B). Thus, similar to
mouse TDRD12, the Bombyx ortholog is also in complex with
the primary piRNA-bound Piwi protein (MILI in mouse testes or
Siwi in BmN4), validating BmN4 cells as a useful system for
molecular dissections. Using deletion versions (Fig. 2A), we map
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the interaction domain for Siwi to the second tudor domain of
HA-BmTdrd12 (Fig. 2E).
Piwi proteins display distinct localization patterns in BmN4
cells. Siwi is distributed throughout the cytoplasm whereas Ago3
is sequestered in perinuclear cytoplasmic granules called nuage
(19). Unexpectedly, although HA-BmTdrd12 interacts with Siwi,
it is found colocalized with Ago3 in the nuage (Fig. 2F). Deletion
of the CS domain (construct A) abolished this localization (Fig.
2F). All other deletion constructs (constructs B and C) were also
found to be diffused in the cytoplasm. Next, to examine the
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importance of the helicase domain, we introduced mutations
(20) to perturb ATP binding (K→A) or hydrolysis (DD→AA).
Mutation of the ATPase motif resulted in a substantial dis-
placement of the protein from the nuage whereas mutation of
the ATP-binding motif did not (Fig. 2F). Importantly, all heli-
case point mutants (Fig. 2G) and the deletion version lacking the
CS domain (Fig. 2E) showed interaction with Siwi, indicating
that their association can occur in the cytoplasm before nuage
localization. In sum, these cell-culture experiments reveal con-
tributions of BmTdrd12 domains to interaction with the Piwi
protein and nuage localization.
Tdrd12 Is Essential for Spermatogenesis. To examine the in vivo
role of TDRD12, we first examined the repro23 point mutant
which was generated by N-ethyl-N-nitrosourea (ENU)-induced
mutagenesis. The repro 23 mutation was previously mapped to
a region containing several genes, including Tdrd12 (21). In this
study, we identify it as a nonsense mutation in exon 8 of the
Tdrd12 gene, truncating the coding sequence (Fig. 3A). The
homozygous repro23 mutant mice display male infertility (21).
The male specific infertility of repro23 mutant mice suggests
a potential role for TDRD12 in mouse spermatogenesis. To di-
rectly verify its role, we engineered a targeted disruption of the
mouse Tdrd12 locus (Fig. S4 A–C). Animals of all genotypes are
viable and females are fertile, but homozygous Tdrd12 mutant
males displayed infertility and had atrophied testes (Fig. 3B).
Histological examination of Tdrd12 mutant testes reveals semi-
niferous tubules that are narrow with large vacuolated spaces,
devoid of late-stage germ cells. In contrast, the testes from het-
erozygous littermates contain germ cells of all developmental
stages: meiotic spermatocytes, postmeiotic round spermatids,
and elongating spermatids (Fig. 3C). The germ-cell defect in the
mutant is apparent early in development, and spermatocytes fail
to proceed beyond the prepachytene stage (Fig. S4D). The XY
body, a γ-H2AX-marked silent chromatin domain containing
unpaired X and Y chromosomes in late zygotene to pachytene
spermatocytes, is absent in the mutant (Fig. S4E). Finally, post-
meiotic round spermatids and their gene products are also not
detected (Fig. S4F). Thus, germ-cell development falters during
meiosis in the zygotene–pachytene transition, and the cells go into
apoptosis, as indicated by the high number of TUNEL-positive
cells in P20 and adult mutant testes (Fig. S4G). These results il-
lustrate an essential role of Tdrd12 for normal spermatogenesis,
a hallmark of all mouse piRNA pathway mutants.
Retrotransposons Are Derepressed in the Tdrd12Mutants. The germ-
cell defect in piRNA pathway mutants is believed to be a con-
sequence of deregulated transposon control in the germ line.
Consistently, derepression of LTR intracisternal A particle
(IAP) elements is already observed in 10-d-old (P10) mutant
animals (Fig. 3D), at a time point when the germ-cell defects are
not histologically discernible (Fig. S4D). Non-LTR LINE1 (L1)
activation was delayed, with robust levels of L1 mRNA detected
only in P24 testes, but the levels of both transposons remain high
in aged (P60 and P100) animals (Fig. 3D). L1 activation was
further confirmed in adult mutants by immunofluorescence de-
tection of L1ORF1p (22), a protein product from active L1
elements (Fig. 3E). Furthermore, we also confirm derepression
of retrotransposons in the repro23 point mutant (Fig. S4H).
Mammalian genomes use DNA methylation as a mechanism
to silence transposons at the level of transcription (23). In male
mice, DNA methylation takes place during a developmental
window immediately before birth, when DNA methylation marks
are laid down de novo. We examined the DNA methylation
status by bisulfite sequencing using genomic DNA from purified
spermatogonia. In Tdrd12 mutants, promoter methylation on
CpG dinucleotides was reduced for both L1 (53%) and IAP
(61%) elements compared with their heterozygous littermates
(∼90%), suggesting a defect in their de novo methylation (Fig.
3F). Although repeat elements are the major beneficiaries of de
novo DNA methylation, imprinted genomic loci also receive si-
lencing marks during this period. Examination of methylation
on three imprinted loci in Tdrd12 mutants revealed no changes
(Fig. S5A), underscoring the specificity of the piRNA pathway
in targeting repeat elements in the fetal male germ line. Thus,
TDRD12 is essential for germ cells in maintaining control over
endogenous retrotransposons.
TDRD12 Is Required for Biogenesis of MIWI2 piRNAs. Deposition of
DNA methylation marks on repeat elements is linked to the
nuclear arm of the piRNA pathway, a key player of which is the
nuclear Piwi protein MIWI2. Functionality of MIWI2 is de-
pendent on production and incorporation of its small RNA
guides via secondary processing (4). To examine the integrity of
piRNA biogenesis, we purified total small RNAs (14-40 nt) from
P0 (newborn) testes and subjected them to deep sequencing. As
expected for mouse testes small RNA libraries, the read-length
distribution profiles reveal two major peaks expected for miRNAs
(19-22 nt) and piRNAs (24-30 nt) in both the Tdrd12 mutant
and heterozygous littermates, with overall level of piRNAs
slightly reduced in the mutant (Fig. 4A). Examined over IAP
consensus sequence, much of this reduction is accounted for by
antisense-oriented reads (Fig. 4B). The reduction in antisense-
oriented reads is further strengthened by the observation that
ratio of antisense to sense piRNAs over both LINE1 and IAP
was reduced in the Tdrd12 mutant (Fig. 4C). Because MILI- and
MIWI2-bound RNAs contribute to total small RNA populations
in P0 testes, we directly determined the impact on these in-
dividual populations by immunoprecipitations. In the control
testes, both MILI and MIWI2 are present in complex with dis-
tinctly sized small RNAs (Fig. 4D). In contrast, only MILI was
found to associate with piRNAs in the Tdrd12 mutant (three
independent experiments), suggesting a defect in biogenesis of
piRNAs that normally associate with MIWI2 (Fig. 4D and Fig.
S5B). Because loading of MIWI2 with piRNAs is a prerequisite
for its nuclear import, unloaded MIWI2 remains stranded in the
cytoplasm of E17.5 germ cells (gonocytes) in the Tdrd12 mutant
(Fig. 4E).
Primary piRNAs associating with MILI are proposed to guide
its slicer activity for biogenesis of MIWI2 piRNAs (4, 7). An
outcome of this pathway is the detected 10-nt overlap between 5′
ends of MILI- and MIWI2-bound piRNAs (4). A similar signa-
ture is also evident in total small RNA populations from the
Tdrd12 hetrozygous animals but, consistent with the loss of
MIWI2-bound piRNAs, is absent in the Tdrd12 mutants (Fig.
4F). As shown in Fig. 4D, biogenesis of piRNAs associating with
MILI appeared normal in the lack of Tdrd12 (Fig. 4D). To ex-
amine piRNAs at the molecular level, two independent libraries
of MILI-bound piRNAs were prepared from Tdrd12 mutant or
control P0 animals and subjected to deep sequencing. Analysis
indicates unchanged genome annotation profiles (Fig. S5C) and
signature 1U-bias of primary piRNAs in the mutant (Fig. S5D).
The reads distribution on transposon consensus sequences and
piRNA clusters is also not affected (Fig. S5 E and F). Further-
more, immunoprecipitations confirm that primary biogenesis
continues to supply piRNAs for MILI in postnatal (P10 and P14)
Tdrd12 mutants (Fig. S5G). These analyses indicate that primary
piRNA-loaded MILI remains competent to initiate secondary
biogenesis but that, in the absence of TDRD12, downstream
events fail.
Factors implicated in piRNA biogenesis occupy distinct cyto-
plasmic granules in germ cells called nuages. In mouse fetal germ
cells, they appear as electron-dense structures between mito-
chondria, the so-called intermitochondrial cement (24, 25). Our
repeated efforts to localize TDRD12 failed, possibly due to the
unsuitability of our antibodies for immunofluorescence or due to
Pandey et al. PNAS | October 8, 2013 | vol. 110 | no. 41 | 16495
D
E
V
E
LO
P
M
E
N
T
A
L
B
IO
LO
G
Y
54
the low abundance of the protein. Nevertheless, we show that
subcellular localization of MILI and TDRD1 are not affected in
the Tdrd12 mutant (Fig. 4E and Fig. S4I). Furthermore, electron
micrographs also reveal the normal presence of the inter-
mitochondrial cement (in three biological replicates), suggesting
the absence of any defect in granule assemblies in the mutant
germ cells (Fig. S5H). In the light of the above data, we propose
a direct role for TDRD12 in the machinery that generates the
secondary piRNAs associating with MIWI2.
Discussion
Biogenesis of piRNAs is only beginning to be understood, and
progresshas tobemadeon two fronts: identificationof thecomplete
set of factors involved and molecular mechanisms used by them.
Here, we identified TDRD12 as a uniquemouse piRNAbiogenesis
factor. The ability to produce piRNAs rests with a few hundred
genomic regions called piRNAclusters, someofwhich are up to 100
kilobases in length. The piRNA clusters are transcribed by RNA
polymerase II to give rise to long, single-stranded transcripts that are
5′-capped and polyadenylated, with some undergoing splicing, too
(9).At least fora subset of these clusters (thoseproducing intergenic
piRNAs), the transcription factor A-MYB is shown to directly
recognize upstreamDNAelements to initiate transcription (9) (Fig.
4G). The transcripts are then exported to the cytoplasm where they
undergo primary processing that is likely to include fragmentation
by unknown nuclease(s) followed by loading of their 5′ ends into the
Piwi proteins (MILI or MIWI). The protruding 3′ ends of such
piRNA intermediates are then trimmed by an exonuclease (tenta-
tively termed as Trimmer) (26) to the mature size as determined by
the footprint of the Piwi protein. Finally, the 3′ end is modified by
the 2′-O-methyltransferase HEN1 to complete the process, result-
ing in primary piRNAs with a predominant preference for a 5′
uridine (1U-bias). Currently, the putativeRNAhelicaseMOV10L1
(27, 28) and the single-stranded endonuclease MitoPLD (29–31)
are implicated in the early steps, but the exact substrates and
products of these factors are not known. TDRD2 (32) is shown to
be essential for recruitment of the Trimmer, as piRNAs with
extended 3′ ends (and properly methylated) accumulate inMILI in
Tdrd2 mutant mice. GASZ (33) is a structural component of peri-
nuclear cytoplasmic granules variably called nuage or inter-
mitochondrial cement where most piRNA pathway factors
accumulate. Loss of Gasz results in reduced piRNA levels and de-
stabilization of the (unloaded)MILI. Primary piRNA-loadedMILI
and MIWI slice target transcripts to ensure transposon silencing.
In fetal mouse germ cells, primary piRNA-guided MILI en-
donuclease action on a target is proposed to create the 5′ end of
new secondary piRNA entering MIWI2 (4, 7). Piwi slicer activity
is mechanistically similar to that mediated by Ago proteins in the
RNA-induced silencing complex (RISC) (6, 34). However, un-
like in the RISC where both fragments are degraded, one of the
MILI-generated cleavage fragments is believed to mature as
a new secondary piRNA (4, 7). How the cleavage fragment is
safely transferred to MIWI2 is not known. Additional factors
that are essential for secondary biogenesis include the RNA
helicase MVH (35), Hsp90 cochaperone Fkbp6 (19), and TDRD1
(11, 16). It is possible that RNA helicases like MVH and TDRD12
might facilitate RNP remodeling required for inter-Piwi exchange
of piRNA intermediates.
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Fig. 4. TDRD12 is required for biogenesis of MIWI2-bound secondary piRNAs. (A) Read-length distribution profile of testes total small RNAs from indicated
animals. (B) Normalized (to microRNAs) density of reads mapping to IAP transposon consensus from P0 total small RNA libraries. Note the reduction of
antisense reads in the Tdrd12 mutant. (C) Ratio of antisense/sense piRNAs mapping LINE1 or IAP consensus. (D) Association of piRNAs with Piwi proteins
examined by immunoprecipitation and 5′-end labeling from newborn pups (P0). RNA markers (nucleotides, nt) are shown. (E) Immunofluorescence detection
of proteins in embryonic testes from indicated Tdrd12 genotypes. Images (green) are shown along with DAPI staining for DNA. (Scale: Width of each panel is
70 μm.) Note the loss of nuclear MIWI2 staining in Tdrd12 mutants. (F) Plot showing 5′-end overlap of opposing reads on IAP consensus in total small RNA
libraries. Note the reduction in signal at position 10 (Ping-Pong signature) in the Tdrd12 mutant. (G) Current knowledge on factors implicated in the mouse
piRNA pathway, and placement of TDRD12 as a secondary piRNA biogenesis factor.
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Our biochemical studies indicate that TDRD12 functions to-
gether with other secondary biogenesis factors like the MILI
piRNP and TDRD1 (Fig. 1). Nevertheless, we cannot rule out the
presence of unloaded MIWI2 within this complex. Within this
complex, the tudor domains of TDRD12 are likely to engageMILI
in amethylation-independentmanner (Fig. 1C). Although a direct
comparison of the mouse and Bombyx systems is not possible, the
second tudor domain of mouse TDRD12 could be mediating the
interactionwithMILI. Furthermore, sensitivity ofMILI-TDRD12
association to RNase treatment (Fig. 1B) raises the possibility that
RNAs present in the complex could be targets of MILI-bound
primary piRNAs, and thus substrates for secondary biogenesis.
Finally, our studies with the insect ortholog of mouse TDRD12
revealed a role for the CS domain in nuage localization. The CS
domain is a reported protein–protein interaction domain, which
some cochaperones use to recruit the molecular chaperones HSP90
and HSP70 (36, 37). We explored this experimentally, but our
experiments do not support such a role for the CS domain from
TDRD12 (Fig. S2 C and D). It is possible that interaction with un-
known nuage components might allow its retention in the granules.
Future live-cell imaging and structural studies will be important in
uncovering theexactmolecular function of thismultidomainprotein
in piRNA biogenesis.
Experimental Procedures
The cDNA for mouse TDRD12 (Uniprot accession no. Q9CWU0) was amplified
from adult mouse testes and inserted into a mammalian expression vector.
The cDNA for Bombyx mori Tdrd12 (BmTdrd12) was amplified from BmN4
cell total RNA and cloned into a vector suitable for expression in BmN4 cells.
Tdrd12 mice were maintained in C57BL/6;129S4/SvJae mixed genetic back-
ground. Detailed information on materials and methods is provided in SI
Experimental Procedures. Illumina deep sequencing data are deposited with
Gene Expression Omnibus (GEO) (GSE50544), and the Tdrd12 mutant mouse
is available from the RIKEN Bio Resource Center (accession no. RBRC02326).
All small RNA libraries and primers used in this study are listed in Table S1
and S2, respectively.
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SI Experimental Procedures
Clones and Antibodies. Mammalian expression constructs. Two iso-
forms of mouse Tudor domain-containing 12 (TDRD12) are
identified in the databases: one short form encoding for 407 aa,
previously identified as Ecat8 (ES-cell associated transcript 8)
(1) and a predicted longer isoform (Uniprot accession no.
Q9CWU0) encoding for 1,215 aa, which is a C-terminal exten-
sion of the shorter isoform. The longer isoform is orthologous to
the fly Tdrd12 protein SoYB (2). We confirmed the existence of
this longer form in fetal and adult mouse testes total RNA by
RT-PCR (Fig. S1A). The full-length cDNA for mouse Tdrd12
was amplified from mouse testes, and a mammalian expression
construct was generated by inserting the open reading frame into
the pCIneo-HA vector (3). Expression constructs for HA-tagged
versions of hAGO2 (3), MILI, MIWI2, and MIWI (4) are al-
ready described.
Bombyx Tdrd12 cloning. Using the Drosophila Tdrd12 ortholog
SoYb (2) as a query, we mined a de novo assembled PolyA+
transcriptome of BmN4 cells and identified a unique cDNA
encoding Bombyx mori Tdrd12 (BmTdrd12). It is predicted to
encode an ∼200-kDa protein (1,759 aa), which we confirmed by
our Western blot analysis of BmN4 cell lysates using the anti-
BmTdrd12 antibodies (Fig. S2A). Our efforts to express the full-
length protein as an HA-tagged version in BmN4 cells failed. An
alignment with Drosophila SoYb indicates that ∼250 aa at the N
terminus of BmTdrd12 is not conserved. An expression construct
lacking 1–259 aa was expressed robustly in BmN4 cells and is
referred to in this study as HA-BmTdrd12 (260–1,759 aa) (Fig. 2
and Fig. S2B). Based on its interaction with the Piwi protein Siwi
and its localization within nuages of transfected BmN4 cells (Fig.
2), we conclude that HA-BmTdrd12 reflects a functional tagged
version of the Bombyx protein, useful for cell-culture studies.
Despite the lack of conservation with Drosophila proteins, we
note that the N-terminal extension of BmTdrd12 (1–259 aa) is
conserved in other Lepidopterans like the Monarch butterfly
(Danus plexippus), displaying 68% similarity and 46% identity
over this 259-aa region.
BmTdrd12 protein sequence (the 1–259 aa, in bold, is absent in our
HA-BmTdrd12 construct). MASDYYQVEILHYLNPNLIWVEVLNSPNEI-
SFEQLGVYGILPIDASLDVERPGLKLQRSEDWMPATAILMKNIF-
QNLEQVWFSPTHIDRRSSIFDNNIHKYGELIIKKNGVQLYLSKEL-
VKAGLATEDPCQFHQYMSLGKIKTKLSNTETRAVIKNLEEYYRKS-
SKPKELWQKSVHQNTSIFHAGERLQALTVKNLERHNNRQNIMLLE-
NKLKDLEQCKGSDEVSLGRGVCRVPSNKSEMVMLTNKRLKNRLEL-
LSKINMKSDATDAVKATKRNFSGDGQRKNFENDFESDDESVKKVS-
IANTINTSDGSANVVDKLLDEKQIDNVFNNKKQICYTESTRRNPV-
KKAACIVYGPPSINIDKLPLKEAPKMTKTVKWTPHVDCDKEASE-
VSFGDVDSHVKLDVKNLDKFHEIADRIEIEKTIPVDVNIHKDLY-
DSMINNKNESESKIMETANLKTEMKNLRKSSILQSKLKQFDKFN-
VSSNSAASESSTKSSMDSSRISDEDDLSSDDEMSEIMETFKLNLA-
TPKKSEAKHTIDHIEVNNTKLNANPFKNLDGSKSVFVDKLTSPVL-
LVHTKRNNKVQPCSLLRDVPFGTSIHVVLRNMGIKHPTRLQTVSW-
GTILRGLSTFLISPPRSGKTMGYLPAVCRLVRDFRKESPDSCGPK-
CIIVCATSKSVSEVERISKMLLGLEDKVFACYSGMDNLSVTTALL-
NGCDLLICTPKSIVRLLQNDLSVDLRDLTTFVVDDCERISDVYSN-
EVKYVLYEIKNMLKNRVNKELKVQIVVASRIWCDFLEPIVLKAPD-
SVVCIGAFQELILYSKISTTVDFLRPENKIANVLQFIDSVQGPKR-
TVVVCRADNEVKAVESSLRYNNRVVFACDNTMNIHDLYNLNVVW-
GDFEDPTLGPILVCCDSNLVHLNVTDASYLIHYSLPALFSTFCKR-
FSVLNDNYPSIFKNESRDLKVKVLMDESNVEQLPKILNFLKRCTE-
NVPKILDEVSEKILNEKDLAKVKDLVPLCDNLLSLGICPDTWNCT-
ERHRIFKECDSPADWIPKNGVVTFQILYFHSAVMYSARLLSNTVD-
GETTKYPQTYSTLSLKMGMYFSKESSRRLHGIPMVGDVCAVSKKQ-
NFFIRCQVVKIISFYKNGNPNYVVIKLIDEEKFEQSRDIYLYHLP-
DEFKDMKTYVVQVRLANIQPQDKDITFSCLAKNELEKIVEKNEDL-
FMRGHVAMSVGSCIFVDTLEACLDLSSLSETVVRHNFKQELLNAH-
AVPNPKHLSILEEMCEKSGLIVKAVTNEQVVPKPIPVLPAAQWAH-
LEDDLSSVYLASVEDMDKLFVRLVKFESCMKLLNIEINKYVSENT-
VPLDGSNVGDIVLAKFPDDSMYERARIDHIYSEDKVKCFFVDQGD-
WRDVSTNDLATITENFITQLPFQAIECRLIGIRPFGEQWTEFSTN-
WFSDHCFEDAKGNLKHLYVKHFTKEKADCTGGHKYGVALIDTYTN-
EDIIVNQLLIDLNLAKENVDEIAYLSEIKCNKTVLNNDATVDEEE-
GSLSGVSEPESNINVPLDKVFLKPPIRSVPLVDSDNETSDSDTWQ-
INRPEDFKALFMRTRPESSKIIPMITANEVQNNADGETSKDTSTI-
LEEKGQLPEKVKDDELKLSKPKICWSQNKNTVKLKILIAGIEDYK-
LKIEDRAVAFSANHCDVEYGFKLELYGVVDVNKSRHSNKGQYVLV-
TMTKLMCRNWLALTKEGDSQKWIVYDVDTIEASSDEEVYRDDTLE-
VIKNIHNTNNGSDSEDDDFLDDVS.
BmN4 cell-expression constructs. Constructs expressing Bombyx Siwi
and Ago3 were described previously (5). The cDNA encoding
BmTdrd12 or its deletions were cloned into the pBEMBL-HA
vector to express the following proteins: HA-BmTdrd12 (260–
1,759 aa), HA-BmTdrd12-A (260–1,619 aa), HA-BmTdrd12-B
(260–1,282 aa), and HA-BmTdrd12-C (1,407–1,759 aa). In-
troduction of point mutations into predicted ATP-binding or
ATP-hydrolysis sites of BmTdrd12 was performed by PCR with
overlapping primers carrying the required mutations in the re-
spective motifs: ATP-binding (GKT→GAT; K630A) and ATP
hydrolysis (DDCE→AACE; D735A, D736A).
Antibodies. For antibody production, cDNAs corresponding to the
following amino acids were cloned into the pETM-11 vector
[European Molecular Biology Laboratory (EMBL) Protein Ex-
pression Facility]: Bombyx BmTdrd12 (920–1,099 aa), mouse
MIWI2 (1–212 aa), and mouse TDRD12 (131–398 aa). Insoluble
antigens were purified from inclusion bodies and solubilized in
8 M urea. After dilution with adjuvant (1:1), rabbits were injected
for polyclonal antibody production. Antibodies were purified
with antigen immobilized on filter strips.
Other antibodies used were: anti-MILI mouse monoclonal
antibody (13E-3) (4), anti-TDRD1 (6), and Bombyx Siwi and
Ago3 rabbit antibodies (5). The anti-L1ORF1p was a kind gift
from Sandra Martin, University of Colorado School of Medicine,
Aurora, CO (7). Commercial antibodies were purchased as fol-
lows: rabbit anti-HA (Santa Cruz), anti-Myc (EMBL Mono-
colonal Antibody Core Facility), anti-Actin for detecting Bombyx
Actin (Santa Cruz; cat. no. SC-1616-R).
Cell-Culture Experiments. To verify the quality of rabbit polyclonal
antibodies to mouse TDRD12, mammalian HEK293T cell cul-
tures (in 6-cm dishes) were transfected (Lipofectamine and Plus
Reagent; Invitrogen) with 5 μg of expression plasmids for various
proteins. Cell lysates were resolved by 10% (wt/vol) SDS/
PAGE, and proteins were analyzed by Western blotting to detect
tagged proteins with anti-tag antibodies or tested for cross-re-
activity with purified anti-TDRD12 antibodies. The purified
antibody specifically detected only HA-tagged mouse TDRD12
and no other controls like HA-MILI, MIWI, MIWI2, or Myc-
TDRD1.
The BmN4 Bombyx mori (silkworm) ovarian cells were trans-
fected (Fugene; Roche) with 2 μg of expression plasmids for
immunoprecipitation experiments. After 48 h posttransfection,
BmN4 cells were lysed in 50 mM Tris·HCl, pH 8.0, buffer con-
taining 150 mM NaCl, 0.5% Triton X-100, 0.1% Nonidet P-40,
and protease inhibitor (Complete Protease Inhibitor; Roche) in
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glass tissue homogenizer, and the cell lysate was centrifuged at
16,000 × g for 10 min at 4 °C. The supernatant was incubated for
3 h with HA-affinity matrix (Roche) or Protein G Sepharose
(GE Healthcare) preincubated with antibodies. The immuno-
precipitates were separated by SDS/PAGE and analyzed by
Western blot.
Mouse Mutants. Generation of the targeted Tdrd12 mutant. To disrupt
the in vivo function of Tdrd12, we designed a targeting vector to
replace exons 3 and 4 (which encode the first tudor domain) with
a β-geo cassette (β-galactosidase and neomycin resistance fusion
gene), by promoter trap selection (Fig. S3A). Homologous re-
combination removes ∼50% of the tudor domain, and any mu-
tant transcript would undergo nonsense-mediated decay due to
the resulting frame-shift. We PCR-amplified the 5′ homology
arm (4.4 kb) using KOD plus (Toyobo) with primers 77010-LA-
S13341 and 7701010-LA-AS17705. The 3′ arm (7 kb) was am-
plified using the 77010-SA-S19831 and 77010-AS26839(X) pri-
mers. The IRES β-geo cassette was inserted between the two
PCR-amplified homology arms. For negative selection, the
diphtheria toxin-A cassette was placed downstream of the 3′
arm. The targeting vector was linearized with NotI and in-
troduced into RF8 ES cells by electroporation. We identified
clones with homologous recombination by PCR. Primer 77010-
LA-S12295 was designed to bind to sequence upstream of the 5′
arm, and the antisense primer (β-geo screening AS2) recognizes
the β-geo cassette, yielding a 4.9-kb fragment for the targeted
allele. PCR-positive clones were genotyped by Southern blotting
with a 3′ probe (523 bp), which was amplified using primers
m77010gU28402 and m77010gL28925. ES cell genomic DNA
was extracted with Puregene Cell Lysis Solution (Gentra Sys-
tems), digested with SpeI, separated on a 0.8% agarose gel, and
transferred to a nylon membrane. The Southern probe detected
15.7-kb and 9.2-kb fragments from the wild-type and targeted
alleles, respectively (Fig. S3B). Presence of the targeted allele
was further confirmed by detection of a 4.9-kb PCR fragment
(Fig. S3C). The targeted ES cells were then used to generate
mutant mice by standard procedures. Animals were maintained
in C57BL/6;129S4/SvJae mixed genetic background.
Once correctly targeted clones were identified, cells and mice
were genotyped using a three-primer PCR assay. The common
primer m77010-gU17547 was designed to anneal to intron 2 of
both the wild-type and targeted loci. Primer m77010-gL18297
binds to intron 3 and together with primer m77010-gU17547
amplifies a 774-bp wild-type fragment. The β-geo screening AS2
primer amplifies a 250-bp fragment from the targeted allele in
combination with primer m77010-gU17547. All primers used for
creation and analysis of the targeted Tdrd12 mutant are listed in
Table S2. All animal experiments were conducted according to
national, European and internal EMBL regulations.
Generation and characterization of ENU-induced mutant mouse for
Tdrd12. The repro23 mutant mice were produced by ENU-
induced mutagenesis in the ReproGenomics Program of The
Jackson Laboratory (8). A total of 587 male F2 mice were ob-
tained by intercross of heterozygous (+/repro23) F1 mice, derived
from the cross between repro23/repro23 homozygous female and
JF1/Ms (+/+) male mice. The repro23 locus has previously been
mapped on a 2.2-Mb region of mouse chromosome 7 (8). By
genotyping seven microsatellite markers on this region, we found
no recombination between the repro23 locus and a microsatellite
marker D7Mit78 whereas at least one recombination was found
between the repro23 locus and the remaining 6 microsatellite
marker. Therefore, the repro23 critical region was narrowed
down to the 0.9-Mb interval between D7Mit225 and D7Mok1.
Genomic DNA and cDNA synthesized from testis RNA of the
mutant and normal mice were used for sequencing of the 13
candidate genes in the 0.9-Mb critical region. The PCR and RT-
PCR products covering entire coding regions of these genes were
sequenced by using ABI PRISM 310 Genetic Analyzer (Applied
Biosystems). By comparing the sequences between normal and
repro23/repro23 mice, a nucleotide substitution of C to A resulting
in nonsense mutation was found in exon 8 of the Tdrd12 gene.
No other mutation was found in the remaining genes.
Total RNA was isolated from testes using TRIzol regent
(Invitrogen), reverse-transcribed into cDNA using oligo dT pri-
mers and PrimeScript RTase (Takara), and subjected for PCR
reactions using primers for Tdrd12 gene (TGTTCGAGGTCC-
TGGTGCTG and GCTTCCACTTGGGTAGTTGCTC) or L1
(GGCGAAAGGCAAACGTAAGA and GGAGTGCTGCGT-
TCTGATGA) and IAP (AACCAATGCTAATTTCACCTTG-
GT and GCCAATCAGCAGGCGTTAGT) retrotransposones.
Immunoprecipitations and Nucleic Acid Analyses. Immunoprecipi-
tations and 5′-end labeling were as previously described (4).
Germ cells were purified from testes and bisulfite conversion of
the genomic DNA, and bisulfite analyses were performed as
reported (9).
Northern Blot Analysis of Transposon Expression. Total RNA was
extracted from testes of wild-type, heterozygous and homozygous
Tdrd12 mutant mice using TRI reagent according to the manu-
facturer’s guide (MRC Inc; cat. no. TR 118) and treated with
DNaseI (Fermentas). Approximately 10 μg of DNaseI-treated
RNA was analyzed on denaturing formamide agarose gel and
transferred onto Nylon membrane (Amersham; Hybond N+)
through capillary transfer for 16 h in 20× SSC solution (For 1 L:
175 g NaCl, 88.2 g Na Citrate dehydrate). After transfer was
complete, membrane was taken out and UV cross-linked with
120 mJ/cm2 in Stratagene “cross linker”. Cross-linked membrane
was washed with 2× SSC once. Prehybridization was done at
least for 2 h in Church buffer [0.25 M Na Phosphate buffer, pH
7, 2.1 mM EDTA, 1% (wt/vol) BSA, 7% (wt/vol) SDS, Filter
solution] at 65 °C.
Radiolabeled L1 probe was prepared from LINE1 DNA
fragment (515 bp–1,680 bp; GenBank accession no. M13002)
(10) using Random prime DNA labeling kit (Roche; cat no.
1004760001). Radiolabeled IAP probe was similarly prepared
from the IAP DNA (GenBank accession no. AF 303453). Probes
were denatured at 95 °C for 5 min and hybridized with mem-
brane in Church buffer at 65 °C overnight with continuous
mixing. Next day washing was performed at 65 °C as followed:
twice 15 min each with buffer-1 (2× SSC, O.1% SDS), twice 15
min each with buffer-2 (0.2× SSC, 0.1%SDS), and finally with
0.1× SSC at room temperature for 5 min. Membrane was
wrapped in plastic film and exposed to Phosphor Imaging screen
and scanned with typhoon scanner (GE Healthcare).
Immunofluorescence. Hematoxylin/eosin staining was performed
on paraffin sections of testes samples. Immunofluorescence
analysis was performed on O.C.T. (Tissue-Tek Cryo-OCT com-
pound; Fisher Scientific) embedded testes cryosections. After
incubation with primary antibodies, slides were washed and
further incubated with Alexa 488- or Alexa 555-coupled sec-
ondary antibodies (Invitrogen). Samples were then examined by
fluorescence microscopy (Olympus BX61), and images were
captured using CCD (Olympus DP70).
BmN4 cells were grown on coverslips, and endogenous Piwi
proteins or transfected proteins were detected as reported pre-
viously (5). Confocal images of the indirect fluorescence were
recorded using a Leica TCS SP2 AOBS inverted microscope.
Small RNA Libraries and Bioinformatics. Small RNA libraries from
immunoprecipitated RNAs were prepared by using the NEB kit
[NEBNext Multiplex Small RNA Library Prep Set for Illumina
(indexes 1–12); cat. no. E7300]. For total small RNA libraries
from P0 testes of Tdrd12+/− and Tdrd12−/− animals, small RNAs
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(∼14–40 nt) were gel purified by urea-PAGE and library was pre-
pared as above. Small RNA libraries were sequenced for 50 cycles
with Illumina Genome Analyzer IIx (EMBL Gene core facility).
After sequencing, reads were processed to remove adapter
sequences, followed by sorting based on the barcode in-
formation. These reads were then mapped to the mouse (July
2007, NCBI37/mm9 assembly) or Bombyx mori genome (11).
Only perfectly mapping reads were retained for further anal-
ysis. Genome annotations were extracted based on those de-
fined by Entrez. For plotting repeat small RNA density, reads
were mapped to transposon consensus allowing up to a maxi-
mum of three mismatches as previously described (12). Den-
sity plots were displayed after normalization of all libraries to
1 million reads.
The following proteins were used in the sequence alignment
showing aromatic cage residues in tudor domains (Fig. 1C):
human Staphylococcal nuclease domain-containing 1 (SND1)
(GI:77404396); Drosophila Tudor (GI:19550189); mouse TDRD1
(GI:268607546); Drosophila CG31755 (SoYb) (GI:386769395),
CG11133 (BoYb) (GI:24668815); Bombyx mori Tdrd12 (see SI
Experimental Procedures); and mouse TDRD12 (Uniprot ac-
cession no. Q9CWU0).
1. Mitsui K, et al. (2003) The homeoprotein Nanog is required for maintenance of
pluripotency in mouse epiblast and ES cells. Cell 113(5):631–642.
2. Handler D, et al. (2011) A systematic analysis of Drosophila TUDOR domain-containing
proteins identifies Vreteno and the Tdrd12 family as essential primary piRNA pathway
factors. EMBO J 30(19):3977–3993.
3. Pillai RS, Artus CG, Filipowicz W (2004) Tethering of human Ago proteins to mRNA
mimics the miRNA-mediated repression of protein synthesis. RNA 10(10):1518–1525.
4. Reuter M, et al. (2009) Loss of the Mili-interacting Tudor domain-containing protein-1
activates transposons and alters the Mili-associated small RNA profile. Nat Struct Mol
Biol 16(6):639–646.
5. Xiol J, et al. (2012) A role for Fkbp6 and the chaperone machinery in piRNA
amplification and transposon silencing. Mol Cell 47(6):970–979.
6. Chuma S, et al. (2006) Tdrd1/Mtr-1, a tudor-related gene, is essential for male germ-
cell differentiation and nuage/germinal granule formation in mice. Proc Natl Acad Sci
USA 103(43):15894–15899.
7. Branciforte D, Martin SL (1994) Developmental and cell type specificity of LINE-1
expression in mouse testis: Implications for transposition. Mol Cell Biol 14(4):
2584–2592.
8. Asano Y, et al. (2009) Characterization and linkage mapping of an ENU-induced
mutant mouse with defective spermatogenesis. Exp Anim 58(5):525–532.
9. Kato Y, et al. (2007) Role of the Dnmt3 family in de novo methylation of imprinted
and repetitive sequences during male germ cell development in the mouse. Hum Mol
Genet 16(19):2272–2280.
10. Soper SF, et al. (2008) Mouse maelstrom, a component of nuage, is essential for
spermatogenesis and transposon repression in meiosis. Dev Cell 15(2):285–297.
11. Wang J, et al. (2005) SilkDB: A knowledgebase for silkworm biology and genomics.
Nucleic Acids Res 33(Database issue):D399–D402.
12. Olson AJ, Brennecke J, Aravin AA, Hannon GJ, Sachidanandam R (2008) Analysis of
large-scale sequencing of small RNAs. Pac Symp. Biocomput 2008:126-136.
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Fig. S1. Tdrd12 expression in mouse tissues and its characterization. (A) RT-PCR expression analysis of Tdrd12 expression in indicated adult mouse tissues or
embryonic stem (ES) cells (Upper). Lower shows RT-PCR expression analysis of Tdrd12 expression in embryonic and adult mouse testes using primer pairs at N-
terminal (Tdrd12-N term) and C-terminal (Tdrd12-C term) regions of Tdrd12 coding region. (B, Upper) A cartoon depicting the domain organization of mouse
TDRD12. The region used as an antigen for raising rabbit polyclonal antibodies is indicated. (Lower) To test the specificity of the purified anti-TDRD12 an-
tibodies, blots containing various proteins (HA- or Myc-tagged) expressed in HEK293T cells were probed with anti-TDRD12 antibodies. Only HA-TDRD12 was
recognized by the antibodies, confirming its specificity. (C) Protein complexes were immunoprecipitated (IP) from adult mouse testes extracts and probed by
Western analysis for the indicated proteins. When indicated, purified complexes were treated with RNaseA. This is a repetition of the experiment shown in Fig.
1B. (D) Coomassie blue stained SDS PAGE gel for the purified second tudor domain (Tud2) of mouse TDRD12 expressed in E.coli. (E) Isothermal calorimetry (ITC)
measurements of indicated TDRD1 or TDRD12 tudor domains with unmodified and methylated arginine residues. No interaction was detected with Tud2 of
TDRD12, while the positive control (Tud3 of TDRD1) shows high micromolar-range affinity for sDMA (me2sym), as previously reported (1).
1. Mathioudakis N, et al. (2012) The multiple Tudor domain-containing protein TDRD1 is a molecular scaffold for mouse Piwi proteins and piRNA biogenesis factors. RNA 18(11):2056–
2072.
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is given. (B) HA- and Myc-tagged constructs were co-transfected in HEK293 cells and immunoprecipitated with HA affinity beads and probed for the co-
immunoprecipitated Myc-tagged protein. As expected, TDRD1 interacts with MILI, while TDRD12 did not show an association with TDRD1. Human AGO2 (hAGO2)
was used as negative control. (C) HA- and Myc-tagged constructs were co-transfected in HEK293T cell. Protein complexes were immunoprecipitated with HA-
affinity beads and probed for co-imunoprecipitated Myc-tagged HSPA2 (HSP70) or endogenous HSP90 proteins. HSPA2 nonspecifically interacts with both mouse
TDRD12 and hAGO2, while HSP90 does not interact with either full length mouse TDRD12 or its deletion variants. The CS domain in other proteins is shown to
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extracts using GST alone or GST-CS peptide (Right). None of the associated bands were revealed to be HSP90 or HSP70, as determined by MS/MS.
1. Buchner J, Weikl T, Bügl H, Pirkl F, Bose S (1998) Purification of Hsp90 partner proteins Hop/p60, p23, and FKBP52. Methods Enzymol 290:418–429.
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Fig. S5. Analysis of Tdrd12 mutants. (A) Promoter CpG DNA methylation (indicated as filled circles) on three imprinted genomic loci was quantified (given
in percentages) by bisulfite sequencing. Methylation of imprinted loci is unaffected in Tdrd12 mutants. (B) Immunoprecipitation of Piwi proteins present in
P0 testes of indicated animals. Associated small RNAs were radiolabelled and visualized. Note the absence of MIWI2-bound piRNAs in the Tdrd12 mutant.
This experiment is a biological replicate of the experiment shown in Fig. 4D. (C–F) Analysis of MILI-associated reads from P0 testes. (C) Genome annotations,
(D) nucleotide preference at indicated positions of the reads, (E) mapping to transposon consensus, and (F) mapping to an embryonic piRNA cluster.
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Mito, mitochondria.
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Table S1. List of all deep sequencing datasets used in this study
Library Organism Age Genotype Mapped reads
MILI IP # rep1 Mouse P0 Tdrd12 +/− 16473692
MILI IP # rep1 Mouse P0 Tdrd12 −/− 15024728
MILI IP # rep2 Mouse P0 Tdrd12 +/− 19246231
MILI IP # rep2 Mouse P0 Tdrd12 −/− 15722298
Total small RNA (14-40 nt) Mouse P0 Tdrd12 +/− 12393343
Total small RNA (14-40 nt) Mouse P0 Tdrd12 −/− 16113332
MILI IP Mouse E18 Wild type 16549061
MIWI2 IP Mouse E18 Wild type 12590475
TDRD12 IP # rep1 Mouse E18 Wild type 9071424
TDRD12 IP # rep2 Mouse E18 Wild type 10209745
HA-BmTdrd12 IP Bombyx mori cell line, Bmn4 N/A N/A 10213582
BmTDRD12 IP (endogenous) Bombyx mori cell line, Bmn4 N/A N/A 12018857
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Table S2. List of selected primers used in this study
Primer name Sequences
Primers used for characterizing Tdrd12 targeted mouse mutant
MvhVg2 CCAAAAGTGACATATATACCC
MvhVas3 TTGGTTGATCAGTTCTCGAG
CREM-Upper GATTGAAGAAGAAAAATCAGA
CREM-Lower CATGCTGTAATCAGTTCATAG
Dmc1-Upper TTCGTACTGGAAAAACTCAGCTGTATC
Dmc1-Lower CTTGGCTGCGACATAATCAAGTAGCTCC
HoxA4-Upper TGAGCGCTCTCGAACCGCCTATACC
HoxA4-Lower GATGGTGGTGTGGGCTGTGAGTTTG
Mlh1-Upper AGGAGCTGATGCTGAGGC
Mlh1-Lower TTTCATCTTGTCACCCGATG
Sycp-Upper ATGGAGAAGCAAAAGCCCTTC
Sycp-1Lower TTTCTGCTTCAGTTCAGATTC
CyclinA1-Upper ATGCATCGCCAGAGCTCCAAGAG
CyclinA1-Lower GGAAGTGGAGATCTGACTTGAGC
Sycp-3-Upper GGTGGAAGAAAGCATTCTGG
Sycp-3-Lower CAGCTCCAAATTTTTCCAGC
A-Myb-Upper AAGAAGTTGGTTGAACAACACGG
A-Myb-Lower AGGAAGTAACTTAGCAATCTCGG
Calmegin-Upper ATATGCGTTTCCAGGGTGTTGGAC
Calmegin-Lower GTATGCACCTCCACAATCAATACC
NAT1-U10 GAGTCGGAGCTCTATGGAGGTGG
NAT1-L21 GCCCGAAGAAGCACTGAAACGAGAA
Bmp-8b-Upper CGCAACATGGTAGTCCAGGC
Bmp-8b-Lower GGATACTGAAGAGCCTGAGC
MIS-S TTGGTGCTAACCGTGGACTT
MIS-AS GCAGAGCACGAACCAAGCGA
m77010-U362 CTGGTGCAGGGCTCTGATTAAGTC
m77010-L1148 TTTACACAGCCGTTCTTCTCGTCA
Acrosin-S CGGAGTCTACACAGCCACCT
Acrosin-AS GCATGAGTGATGAGGAGGTT
Haprin-S CCAGAACATGAGACAGAGAG
Haprin-AS AGCAACTTCCTGAGCATACC
LH-R-S TGCAACCTCCTCAATCTGTC
LH-R-AS AGCGTGGCAACCAGTAGGCT
m77010-gU17547 ACTGTTGCTAATGGGAGCTACTGT
m77010-gL18297 GGGCAGTATCTTTCCTGAGTCATA
bGeo-screening-AS6 GCGGAATTCTCTAGAGTCCAGATC
77010-LA-S13341 AGGATGGTTAGGCAAGGTTCTCTTACTC
77010-LA-AS17705 GCACTTCAGCTCCTGGCAGTACACCACA
77010-SA-S19831 TGTGAAGACATCCAGCGCAGGTTGACTT
77010-AS26839(X) GGCTCGAGTCCACCTCATACCTGA
m77010-gU28402 GGGGAAGATTTTTATTGTTGCTA
m77010-gL28925 AAGAGTTGTAGGCACTGCAAACAC
bgeo-screening-AS2 GACCTTGCATTCCTTTGGCGAGAG
Primers for cloning Tdrd12 antigen
RPoligo820 CATGCCATGGAGAAGCCTGTGACATTGCACATTG
RPoligo821 ATTCTTATGCGGCCGCTTACTTCTTCAGGTCTGCCGACAG
Primers for cloning Tudor domain of Tdrd12
RRoligo261 CATGCCATGGGACACATTAGGGTAATACCTTTTTACAT
RRoligo262 ATTCTTATGCGGCCGCTCAGTCAGCTGGCTTAACCCTACAA
Primers for Tdrd12 RTPCR
RRoligo331 CTTCAGTGCCTGGGTAGGAG
RRoligo332 TCCTCCCAGTGGTCAAAGTC
RRoligo333 TGTGTACTGGCCAACCAAAA
RRoligo334 CTGAGGTCCCATCAGCTCTC
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Chapter 4. Functional study of Exd1 
in piRNA pathway 
 
Résumé  
 
Dans le chapitre 2, nous avons caractérisé la fonction biologique de Tdrd12 dans la voie des 
piARN. Tdrd12 est essentielle pour la biogenèse des piARN secondaires chez la mouche et la 
souris. Néanmoins, la façon dont Tdrd12 remplit sa fonction au niveau moléculaire demeure 
un mystère. Pour aller plus loin dans cette investigation, nous avons cherché à identifier le 
complexe dans lequel Tdrd12 est impliqué, et à explorer sa fonction moléculaire. 
L'immunoprécipitation et la spectrométrie de masse de HA-Tdrd12 -produite à partir des 
cellules BmN4, conduisent à l'identification d’ « Exonuclease domain containing protein 1 » 
(Exd1). Exd1, en plus de Siwi, est un nouveau composant du complexe Bombyx Tdrd12. Un 
complexe similaire (Tdrd12-Mili-mExd1) peut également être détecté dans les testicules de 
souris. Nous montrons qu’Exd1 fonctionne comme une protéine de liaison à l’ARN simple 
brin, plutôt que comme une nucléase active. Exd1 existe en tant qu’homodimère, et les deux 
monomères se lient les uns aux autres via leur hélice C-terminale. Exd1 interagit avec le 
domaine hélicase noyau de Tdrd12 par son domaine Lsm N-terminale. Ces éléments 
combinés, Exd1 aurait pour but de transférer l'ARN au domaine hélicase ARN de Tdrd12. En 
outre, la comparaison des deux structures cristallines des dimères Bombyx d’Exd1 met en 
évidence un déplacement spectaculaire des monomères les uns par rapport aux autres. Par 
conséquent, il est également possible qu’Exd1 agisse comme un cofacteur pour réguler 
l’activité d'hélicase ARN de Tdrd12, en facilitant le changement entre la conformation 
ouverte et fermée. Il est intéressant de noter que l’orthologue d’Exd1 chez la drosophile, 
CG11263, ne possède pas de domaine Lsm à l'extrémité N-terminale, qui est nécessaire pour 
l'interaction avec Tdrd12 (connues comme protéines de la famille Yb chez la drosophile). 
Aucune des protéines de la famille Yb n’a été détectée dans la spectrométrie de masse de 
CG11263 immunoprécipitées. Par conséquent, nous n'avons pas réussi à observer une 
déficience dans la biogenèse des piARN ainsi que dans la répression des transposons, dans 
notre effort pour vérifier le rôle biologique de CG11263 chez la drosophile. L’alignement des 
protéines Exd1 de plusieurs espèces montre les différentes longueurs de l’extrémité C-
terminale d’Exd1 et la faible conservation de séquence. En outre, Tdrd12 s'est diversifiée en 
trois homologues (Yb, BoYb et SoYb) chez la drosophile. Tous cela indique qu’Exd1 est un 
gène évoluant rapidement, et qui n’est pas nécessaire pour le fonctionnement du complexe de 
Tdrd12 chez la mouche. Des études génétiques chez la souris permettront probablement de 
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démontrer la fonction biologique d’Exd1. Dans ce chapitre, nous présentons les résultats de 
l'étude d’Exd1 dans un formulaire de préparation manuscrit. 
 
Summary of the chapter 
 
In chapter 2, we characterized the biological function of Tdrd12 in piRNA pathway. Tdrd12 
is essential for secondary piRNA biogenesis in both flies and mice. Nevertheless, how 
Tdrd12 fulfil its function at the molecular level still remain a mystery. To further investigate 
Tdrd12 function, we aimed to identify the complex that Tdrd12 is involved and explore its 
molecular function. Immunoprecipitation and mass-spectrometry of HA-Tdrd12 from BmN4 
lead to the identification of Exonuclease domain containing protein 1 (Exd1) as a novel 
component of the Bombyx Tdrd12 complex, along with known component, Siwi. Similar 
complex (Tdrd12-Mili-mExd1) can also be detected in mouse testes. We show that Exd1 
functions as a single-stranded RNA binding protein instead of an active nuclease. Exd1 exist 
as homodimer, and the two monomers bind to each other through their C-terminal helix. 
Exd1 interacts with Tdrd12 helicase core domain via its N-terminal Lsm domain. Taken 
together, Exd1 might function to handover RNA to Tdrd12 RNA helicase domain. In 
addition, comparison of the two different crystal structures of Bombyx Exd1 dimers shows a 
dramatic movement of the monomer related to each other. Therefore, it is also possible that 
Exd1 acts as a cofactor to regulate RNA helicase activity of Tdrd12 by facilitating the change 
between open and closed conformation. Interestingly, Drosophila Exd1 ortholog, CG11263, 
lacks Lsm domain at the N-terminus, which is required for interacting with Tdrd12 (known as 
Yb family proteins in Drosophila). None of the Yb family proteins were detected in the mass-
spectrometry of immunoprecipitated CG11263. Consequently, we failed to observe any 
deficiency in piRNA biogenesis and transposon repression in our effort to verify the 
biological role of CG11263 in Drosophila. Alignment of Exd1 proteins from multiple species 
shows the various lengths of the Exd1 C-termini and the poor sequence conservation. 
Additionally, Tdrd12 has diversified into three homologs (Yb, BoYb and SoYb) in 
Drosophila. All these indicate that Exd1 is a gene evolves rapidly, and it is dispensable for 
the function of Tdrd12 complex in flies. Genetic study in mice probably will demonstrate the 
biological function of Exd1. In this chapter, we present the results of the Exd1 study and the 
future perspective. 
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The rapidly evolving Exonuclease domain-containing 1 (Exd1) is a 
component of the piRNA pathway 
 
SUMMARY  
 
Piwi-interacting RNAs (piRNAs) and Piwi proteins form a transposon defense system in 
animal germlines. A biochemical search for partners for Tudor domain-containing 12 
(Tdrd12), an established piRNA biogenesis factor, identified Exonuclease domain-containing 
1 (Exd1). In Bombyx mori (Silkworm) BmN4 cells, Tdrd12 exists as a complex with Exd1 
and the Piwi protein Siwi. Deletion analysis established that Tdrd12 acts as a molecular 
scaffold by providing independent interaction surfaces for Siwi and Exd1. We find that the 
Lsm-like domain of Exd1 interacts with the helicase core of Tdrd12. Exd1 is inactive as a 
nuclease, but it shows single-stranded RNA binding activity. Additionally, Exd1 
homodimerizes, both in vitro and in vivo, via a C-terminal three-helical hook. Interestingly, 
dimerization is not necessary for Tdrd12 interaction or RNA binding. Analyses of Drosophila 
mutants reveal that the protein is not essential for fertility, piRNA biogenesis and transposon 
silencing. We propose a model where Exd 1 might function to modulate activity of Tdrd12 
and play a regulatory role in the piRNA pathway.  
 
HIGHLIGHTS  
 
Exonuclease domain-containing 1 (Exd1), Tdrd12 and Siwi form a complex. 
Exd1 is a homodimer that binds ssRNAs. 
Lsm domain of Exd1 interacts with helicase domain of Tdrd12. 
Exd1 is not required for piRNA biogenesis, transposon silencing and fertility in flies. 
 
INTRODUCTION  
 
Mobile genomic elements called transposons or ‘jumping genes’ threaten genome integrity 
by their ability to move and insert into different locations within the genome. These often 
result in mutations caused by disruption of gene coding sequences or their regulatory 
elements, and can promote ectopic recombination events due to their repetitive nature. 
70
 
Germlines are particularly sensitive to transposon activation as they are entrusted with the 
task of transmitting genetic information from one generation to the next. Transposon 
activation in the germline results in DNA damage that usually leads to block in germ cell 
development and infertility. Animal germlines utilize Piwi proteins and their associated small 
RNAs called Piwi-interacting RNAs (piRNAs) as a transposon defense system. Cytoplasmic 
Piwi proteins are guided by their bound piRNAs to target transposons, resulting in transcript 
endonucleolytic cleavage by Piwi slicer action and their eventual destruction. Nuclear Piwi 
proteins recruit poorly defined complex machineries to deposit H3K9me3 chromatin and/or 
DNA methylation marks on target genomic loci, as demonstrated in flies and mice, 
respectively. 
 
 One common feature of piRNA populations from almost all animal models studied so 
far is the predominance of transposon sequences within them. Perhaps one notable exception 
is C. elegans, where most of the ~16000 piRNAs catalogued from the worm lacks transposon 
targets. Worm piRNA pathway is very different from that known in all other organisms and a 
detailed discussion can be found elsewhere. It is known that a few hundred genomic regions 
called piRNA clusters that range in size from 50 to 150 kilobase are the source for piRNAs in 
flies, fish and mice. These contain nested insertions of transposon fragments in both sense 
and antisense orientations (w.r.t direction of transcription). In effect, piRNA clusters can be 
considered as a molecular registry of all transposons hosted in the genome. Cluster 
transcription by RNA pol II generates a long, single-stranded precursor that is then processed 
by primary processing to produce tens of thousands of primary piRNAs that display a 
preference for a uridine at the 5’ end (1U-bias). Since all known piRNA biogenesis factors 
are in the cytoplasm, somehow the piRNA precursor transcripts have to be recognized as 
such and distinguished from other cellular mRNAs and non-coding RNAs. This is rendered 
even more difficult given the fact that all these transcripts share features of RNA pol II 
transcripts, i.e, presence of a 5’ cap and a poly A tail. Some primary piRNA precursors are 
even spliced. So how the nuclear history of origin from piRNA clusters is transmitted to the 
cytoplasm is presently unknown. However, recently it was demonstrated that suppression of 
splicing by a chromatin-tethered complex (Rhino-Deadlock-Cutoff) may be a mechanism 
used to identify piRNA precursors from some clusters (dual-strand clusters) in the 
Drosophila ovarian germline. 
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 Primary processing in the cytoplasm is believed to lead to an apparently random 
fragmentation of the long precursor by unknown nucleases. Thus, primary processing 
provides a complex mixture of antisense elements to target all the transposons in the host 
genome. These fragments are then loaded into certain Piwi proteins (Aubergine in 
Drosophila, Siwi in Bombyx BmN4 cells or Mili and Miwi in mice). After the fragment is 
loaded, an unknown 3’ trimming nuclease (tentatively called Trimmer) reduces the 3’ end to 
the mature size of the piRNA which is usually the footprint of the Piwi protein in question. 
The fly endonuclease Zucchini or mouse MitoPLD, fly RNA helicase Armi or mouse 
Mov10L1 and a host of other factors are known to be involved in primary processing. 
Molecular details of how they function in generating piRNAs are still not entirely clear. All 
these factors are enriched in cytoplasmic, perinuclear granules called nuage (“cloud” in 
French) that appear as dense structures in electron micrographs. Nuage is a defining feature 
of all germ cells and is also shown to contain factors from the RNA decay machinery. So it is 
currently believed that both piRNA processing and perhaps decay of target transposons can 
take place in the nuage. 
 
 Germ cells have a parallel piRNA biogenesis pathway that acts more like an adaptive 
response to transposon encounter. In this process, when a primary piRNA-guided Piwi 
cleaves a target transposon transcript, one cleavage fragment is loaded into a new Piwi 
protein (Ago3 in Drosophila or Miwi2 in mice) to mature as a new secondary piRNA. In this 
process, the 5’ end of the secondary piRNA is generated by primary piRNA-guided Piwi. 
Given that Argonautes (Piwi included) cleave target RNAs at a position 10 nt downstream of 
the 5’ end of the guide RNA, the primary and secondary piRNAs display certain sequence 
features. First, since primary piRNAs carry a 1U-bias, secondary piRNAs acquire an A10-
bias (preference for adenosine at 10th position). Second, the primary and secondary piRNAs 
display an overlap of 10 bp across their 5’ ends. Since sense transposons are the source for 
secondary piRNAs, they have a sense-orientation w.r.t transposon consensus sequences. Such 
Ago3-loaded secondary piRNAs in the Drosophila female germline interacts with antisense 
sequences within piRNA cluster transcripts to generate more of the same antisense piRNA 
that initiated secondary biogenesis. Thus, active, abundant transposons generate more 
secondary piRNAs, leading to more antisense piRNAs targeting them. Such a feed-forward 
piRNA amplification loop taking place in the Drosophila germline was termed the Ping-pong 
cycle. In mice, Mili-guided generation of secondary piRNAs in Miwi2 takes places in the 
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embryonic or perinatal male germline. [Gestation period in mice is 19 days; Miwi2 
expression is seen in embryonic day 14.5 onwards till three days after birth].  
 
 A number of factors are demonstrated to be exclusively essential for secondary 
biogenesis in flies. These include Rhino, Deadlock and Cutoff which are detected only in the 
Drosophila genome and are shown to be required for dual-strand cluster transcription. These 
appear to be a fly-specific invention to generate piRNAs from clusters that are embedded in 
the constitutive heterochromatin. A large family of Tudor proteins, members of which are all 
characterized by the presence of at least one tudor domain, is also shown to be important for 
the Ping-pong cycle. While some have only tudor domains (Tejas and Krimper), others have 
additional modules that provide specialist activities and these include RNA helicase (Spn-E, 
Brother of Yb, Sister of Yb), RNA-binding domain (Vreteno) and E3-ligase (Qin/Kumo). 
Other implicated tudor proteins are a Hsp90 co-chaperone Shutdown, the RNA export factor 
UAP56 and the RNA helicase Vasa. Ovarian small RNA libraries prepared from flies lacking 
these proteins display reduced Ping-pong piRNA signatures (U1-A10 bias feature and 10 bp 
overlap).  
 
 Several of the above factors have clear orthologues in the mouse system. Mutants 
lacking Tdrd1 (mouse Vreteno), Fkbp6 (mouse Shutdown), Mvh (mouse Vasa homolog) and 
Tdrd12 (orthologous to BoYb and SoYb) specifically abolish secondary piRNA biogenesis 
(production of Miwi2-bound piRNAs) but did not affect primary piRNA biogenesis 
(production of Mili-bound piRNAs). This demonstrates that key factors and pathways are 
conserved between flies and mice. We recently used the Bombyx mori (Silkworm) ovarian 
cell culture model BmN4 to show that Vasa functions as an RNA clamp to assemble a 
transient piRNA Amplifier complex on transposon transcripts. The Amplifier is composed of 
Vasa, the two Ping-Pong Piwi proteins, antisense piRNAs and their target sense transposons. 
It was shown that the complex facilitates transfer of cleaved transposon transcripts 
(secondary piRNA intermediate) from one Ping pong partner to the other to facilitate its 
maturation as a new secondary piRNA. 
 
 In the present study, I used the BmN4 cells to further investigate Tdrd12 which is a 
secondary piRNA biogenesis factor in both flies and mice. All examined animal genomes 
express a single Tdrd12 orthologue, while the Drosophila genome contains three (Yb, 
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Brother of Yb and Sister of Yb). We previously showed that the single Tdrd12 orthologue 
expressed in BmN4 cells associates with the Piwi protein Siwi (Silkworm Piwi). Siwi is the 
primary piRNA-bound Piwi protein (orthologus to Drosophila Aubergine) that shows a Ping-
pong relationship with Ago3 expressed in the BmN4 cells. Here, we identified exonuclease 
domain-containing 1 (Exd1) as a novel component of the Bombyx Tdrd12 complexes, an 
association that is also conserved in mice. We show that Bombyx Exd1 is inactive as a 
nuclease, but functions as a single-stranded RNA-binding protein. We explored the in vivo 
consequence of removal of the protein in the flies. Our studies indicate that Exd1 uses its N-
terminal Lsm domain to interact with the DEAD box helicase core domain of Tdrd12. We 
speculate that this mode of association probably has a functional role in modulating activity 
of the helicase, which need to be further examined. 
 
 
RESULTS 
 
Identification of Exd1 as a novel interacting partner of the piRNA biogenesis factor 
Tdrd12 
 
To search for Tdrd12-associated factors we used the Bombyx mori (Silkworm) ovarian cell 
line BmN4 as it has an active piRNA pathway in operation (Kawaoka et al., 2009). It 
expresses two Piwi proteins (Siwi and Ago3) that receive piRNAs via both primary and 
secondary piRNA biogenesis. We previously showed that Bombyx Tdrd12 associates with 
Siwi, but not with Ago3 (Pandey et al., 2013). To identify additional components, we 
examined HA-Tdrd12 complexes by mass spectrometry (Figure S1A). We specifically 
identified a novel Bombyx protein that has the Drosophila CG11263 and the mouse 
exonuclease 3’-5’ domain-containing 1 (NP_766445; Exd1) as uncharacterized orthologues 
(Figure 1A). A search of the Phyre2 protein fold recognition server (Kelley and Sternberg, 
2009) indicates that the protein is composed of an N-terminal Sm-like (Like-Sm; Lsm) fold 
and a C-terminal nuclease domain. The Lsm fold is characteristic of Sm and Lsm proteins 
that bind small nuclear RNAs (snRNAs) involved in pre-mRNA splicing and histone 3’ end 
processing.  
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 Using the BmN4 transcriptome data (Xiol et al., 2014), we isolated the cDNA for 
Bombyx Exd1 from BmN4 total cellular RNA. The open reading frame (ORF) encodes for a 
protein composed of 315 amino acids and a predicted molecular weight of 36.5 kDa. Western 
analysis with purified rabbit polyclonal antibodies confirmed its expression in BmN4 cells 
(Figure S1B). Confirming our mass spectrometry data, endogenous Exd1 was detected in 
HA-Tdrd12 complexes (Figure 1B). As shown previously, we also confirmed presence of 
Siwi, but not Ago3. To further verify this association, we purified HA-Exd1 complexes and 
confirmed the presence of endogenous Tdrd12 and Siwi (Figure 1C and 2B). Exd1 appears to 
be exclusive to Tdrd12 complexes as we did not find any association between Myc-Exd1 and 
HA-tagged versions of various Bombyx piRNA pathway factors (Vret, Papi, Vasa and Spn-E) 
(Figure 1D). Additionally, a search of proteomics data from the transient piRNA Amplifier 
complex assembled on Vasa also did not reveal presence of Exd1 (Xiol et al., 2014). We 
almost cannot detect the presence of Exd1 in HA-Siwi complexes, likely reflecting the fact 
that not all of Siwi is present in association with Tdrd12 and Exd1 (Figure 1D and Figure 
S1C). RNA is not required for complex formation, as treatment of Tdrd12 complexes with 
RNases did not affect retention of both Exd1 and Siwi (Figure 1E). Finally, we examined 
sub-cellular localization of Exd1 in BmN4 cells. Most piRNA biogenesis factors are enriched 
in perinuclear cytoplasmic granules called nuage, and these can be identified by the marker 
protein Vasa. Consistent with their biochemical association, both Tdrd12 and Exd1 occupy 
similar Vasa-positive cytoplasmic granules, identifying Exd1 as a component of the nuage (Figure 
1F). Taken together, we reveal the existence of a novel protein complex consisting of Tdrd12-Siwi 
and Exd1. 
 
 
Exd1 uses its Lsm domain to associate with Tdrd12   
 
To identify the domain that mediates interaction with Tdrd12, we prepared several N- and C-
terminal truncation mutants of Exd1. As shown above, immunoprecipitated HA-Tdrd12 
associated with co-expressed Myc-Exd1. This association was still maintained when C-
terminal truncations were introduced into Exd1 (constructs A and B) (Figure 2A and Figure 
S2A). However, deletions at the N-terminus of Exd1 (constructs C, D and E) that either 
delete parts or the entire Lsm domain, abolished this association (Figure 2A and Figure S2A). 
In a reverse experiment, we show that full length HA-Exd1 or that carrying a C-terminal 
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deletion (construct B) forms a complex with endogenous Tdrd12 and Siwi. While, an Exd1 
construct with an N-terminal deletion (construct D) failed to co-precipitate the endogenous 
partners (Figure 2B). Finally, we demonstrate that a recombinant preparation of the isolated 
Exd1 Lsm domain can co-precipitate HA-Tdrd12 from transfected BmN4 cell lysates, while a 
control protein does not (Figure 2C). Taken together, these results indicate that the Lsm 
domain of Exd1 is necessary and sufficient for mediating its association with Tdrd12. 
 
 
Exd1 interacts with the helicase domain of Tdrd12  
 
Tdrd12 is a multi-domain protein composed of a central DEAD box helicase module flanked 
by tudor domains, and followed by a C-terminal CS domain. We previously showed that the 
2nd tudor domain is required for association with Siwi, while the CS domain is required for 
nuage localization in BmN4 cells (Pandey et al., 2013). To map the interaction domain for 
Exd1, we co-expressed Myc-Exd1 with several HA-tagged versions of Tdrd12 that carry 
progressive C-terminal truncations. Deletion of the CS domain or that of the 2nd tudor domain 
did not impact association with Myc-Exd1 (Figure 2 D). However, partial or complete 
removal of the sequences contributing to the helicase core (constructs C and D) abolished this 
association. Similar results were obtained while monitoring the association of endogenous 
Exd1 with these constructs (Figure S2B). Importantly, a construct carrying only the 1st tudor 
domain and the intact helicase core (construct F and G) is fully capable of retaining 
interaction with Exd1 (Figure 2D-E and Figure S2B-C). These results indicate that the DEAD 
box helicase core of Tdrd12 is the contact point for the Lsm domain of Exd1 to mediate their 
association. To further confirm the complex formation, we co-expressed HA-tagged Tdrd12, 
Exd1 and Siwi from Bombyx mori in Sf21 cells. After purification of HA-Tdrd12, bandS 
corresponding to Exd1 and Siwi are verified by mass spectrometry and western blot (Figure 
2F). 
 
 
Exd1 is inactive as a nuclease 
 
To understand the molecular role of Exd1, we produced the full length protein as a 
recombinant version in E. coli. Given the presence of a nuclease domain in Exd1, we 
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incubated the purified protein with a radiolabelled single-stranded RNA (ssRNA) (Extended 
Experimental Procedures) and monitored RNA cleavage activity by 10% denaturing urea-
polyacrylamide gel electrophoresis (PAGE). In none of the conditions tested we detected any 
nuclease activity (Figure 3A). The situation remained unchanged when RNA substrates with 
different sequences were used (Figure S3A). Different buffer and metal ions also didn’t lead 
to any nuclease activity. Sequence analysis indicates that Exd1 has a nuclease domain similar 
to that found in the DEDD superfamily of exonucleases (Zuo and Deutscher, 2001). In 
DEDD enzymes, the four conserved acidic residues are needed for coordinating two divalent 
metal ions essential for catalysis. Examination of a sequence alignment indicates that only 
one of these are conserved in Exd1, explaining the absence of nuclease activity (Figure 3B). 
 
 
Exd1 homodimerizes via a C-terminal helical dimerization-hook 
 
Next, we wished to obtain structural information on Bombyx Exd1. Since we failed to obtain 
crystals of the full-length protein, we obtained well-folded constructs by limited proteolysis 
(Figure S3B). A construct (73-315 aa) lacking the Lsm domain, and encompassing only the 
C-terminal nuclease domain was crystallized. The model generated using a 1.1Å native 
dataset presents a perfectly symmetric Exd1 dimer formed exclusively of alpha helices, with 
the two monomers being held together via their C-termini (Figure 3C). The C-terminus in 
each monomer folds into a three-helical dimerization-hook that reaches across to grab the 
second monomer at the base of the nuclease core.  
 
To examine whether Exd1 forms dimers in solution, we performed sedimentation 
velocity measurements using analytical ultracentrifugation (AUC). This indicated that 
majority of the recombinant full-length Exd1 protein exists as a tight homodimer (predicted 
monomer= 36.5 kDa; measured dimer= ~57.0 kDa) (Figure 3D). The Lsm domain in Sm and 
Lsm proteins function as protein-protein interaction interfaces that allows their 
multimerization into homo or hetero-heptameric rings that bind the snRNA (Schumperli and 
Pillai, 2004). However, deletion of the N-terminal Lsm domain in Exd1 did not affect its 
dimerization status (Figure 3D). This suggests that only the C-terminal dimerization hook is 
sufficient for Exd1 dimerization. Within this hook, the actual contact between the two 
monomers is established mainly via the helix3 (counting from the C-term) (Figure 3C). This 
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is further supported by our AUC measurements, which shows that deletion of helices 1-2 did 
not affect dimerization, while removal of helix3 rendered the protein monomeric (Figure 3E). 
 
Next, we examined whether Exd1 formed multimers in vivo by co-expressing HA- 
and Myc-tagged Exd1 in BmN4 cells. Consistent with our in vitro experiments, 
immunoprecipitation of HA-Exd1 co-precipitates Myc-Exd1, supporting the possibility that 
the protein can dimerize in vivo (Figure 3F and Figure S3C). Furthermore, deletions at the C-
terminus that removes all the three helices of the dimerization hook abolish this association in 
vivo (Figure 3F and Figure S3C). Taken together, we conclude that Exd1 is an inactive 
member of the DEDD nuclease family and it forms homodimers that has likely taken up new 
biochemical roles.  
 
 
Exd1 binds single-stranded RNA in an Lsm-dependent manner 
 
To explore whether the inability of Exd1 to degrade RNAs might translate into a potential for 
binding RNAs, we carried out in vitro RNA-binding studies with recombinant Exd1 and 
single-stranded RNA (ssRNA). First, we used UV light to crosslink potential RNA-protein 
complexes and resolved them by 10% SDS-PAGE. Exd1 efficiently binds ssRNA, while 
purified bovine serum albumin (BSA) did not (Figure 4A). Next, we carried out 
electrophoretic mobility shift assays (EMSA) to detect RNA-protein complexes under native 
conditions without the use of UV crosslinking. Exd1 efficiently bound the ssRNA in a 
concentration-dependent manner and resulted in the appearance of slow-migrating RNA 
species in native gels (Figure 4B). Incubation of the RNA probe with BSA did not produce 
any gel-shifts. RNA binding by Exd1 is sequence independent as six distinct ssRNAs gave 
essentially similar gel-shifts (Figure 4B and Figure S4A). We quantified this RNA-binding 
property using surface plasmon resonance (SPR) experiments. Full-length Exd1 showed 
strong binding affinity for ssRNA (KD=0.32 µM). Interestingly, the Lsm domain ―which 
mediates interaction with Tdrd12― is also required for efficient RNA binding, as its deletion 
drastically reduced binding to RNA. In contrast, deletion of the C-terminal dimerization hook 
did not affect RNA-binding affinity (KD=0.58), indicating that monomeric Exd1 is capable of 
binding RNA as efficiently as the full-length dimeric protein (Figure 4C). Together with the 
structural and biophysical studies we propose that the RNA-binding site on the protein is 
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created when the Lsm and nuclease domains come together within a monomer. Indeed, 
surface charge representation of the dimer structure reveals that the large groove formed 
between the monomers has an overwhelming negative charge, indicating that it has no role in 
RNA-binding (Figure S4B).  
 
              To identify the in vivo RNA targets of Exd1, we will perform sequencing of bound 
RNAs after in vivo UV crosslining and immunoprecipitation (RIP-seq). BmN4 cells 
expressing HA-Exd1 were subjected to in vivo UV crosslinking (400 mJ). After purification 
of Exd1 complexes, RNA libraries will be prepared following standard protocol and for deep-
sequencing. 
 
 
Exd1 is dispensable for fertility and piRNA biogenesis in the Drosophila female 
germline 
 
To examine the in vivo role of Exd1, we wished to study its role in the Drosophila female 
germline. Fly ovaries are organized as strings of egg chambers which are in various stages of 
development. Each egg chamber is made up of the germline (a single developing oocyte and 
15 supporting nurse cells) wrapped in a single layer of somatic follicle cells. The germline 
expresses all three fly Piwi proteins (Aubergine, Ago3 and Piwi) and produces piRNAs via 
both primary and secondary biogenesis. In contrast, primary biogenesis loads the singular 
nuclear Piwi expressed in somatic follicle cells. The piRNA pathway is shown to be essential 
for female fertility and transposon silencing in the fly ovaries. By selectively expressing 
RNAi hairpins in these two compartments, the role of factors in the different biogenesis 
pathways can be evaluated. Recent genome-wide RNAi screens examined genetic 
requirement for transposon silencing in the fly ovary (Czech et al. 2013; Handler et al. 2013; 
Muerdter et al. 2013). However, these studies did not pull out Exd1 as a candidate.  
 
 We re-examined this by using RNAi hairpins from the VDRC (Vienna Drosophila 
RNAi Consortium) and the NIG (National Institute of Genetics Fly Stock Centre, Japan). The 
gypsy transposon is under the control of primary piRNAs originating from the large flamenco 
cluster in the ovarian soma. A LacZ reporter bearing binding sites for these piRNAs is 
normally suppressed in wildtype fly ovaries and is used as a read-out for a functional somatic 
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piRNA pathway. Soma-specific RNAi-mediated reduction of established primary biogenesis 
factors like Yb and Armi activated the reporter (Figure 5A), as previously reported. However, 
knock-down of fly Exd1 (CG11263), using four independent RNAi hairpin lines, did not. 
Similarly, Exd1 knock-down in the ovarian germline did not activate endogenous germline 
transposons Blood and HeT-A, while RNAi of piRNA biogenesis factors like Zuc and Spn-E 
strongly activated them (Figure 5B).  
 
Since RNAi depletion can be insufficient to elicit a phenotype, we obtained a minos 
transposon insertion line that disrupts the Exd1 coding sequence in the fly genome. Western 
blotting confirmed the complete absence of Exd1 in the ovaries, identifying such flies as exd1 
null mutants (Figure 5C). Our analyses indicate that germline transposon levels and female 
fertility are not affected in these exd1 null flies. Taken together, our experiments failed to 
reveal any role for Exd1 in fly female germline. 
 
 
Exd1 is a rapidly evolving protein that has degenerated in Drosophilids 
 
We noticed that the Drosophila melanogaster Exd1 protein (~30.3 kDa) in fly ovary extracts 
is much smaller than the endogenous Bombyx Exd1 (315 aa; ~36.5 kDa) in BmN4 cells 
(Figure S5A). A sequence alignment of Exd1 orthologues indicates that Drosophila 
melanogaster Exd1 is shorter at the N-terminus and lacks the Lsm domain. Importantly, this 
loss extends to all the 12 sequenced Drosophila species within the Drosophilidae family 
(Figure 5D). This observation is striking as the Lsm domain is conserved in all other insects 
(silkworm, honeybee, butterfly and beetle) we examined. Another striking feature of Exd1 is 
the steadily increasing length of the C-terminal tail in orthologues from fish to human, and 
the poor conservation of sequence within this region. For example, endogenous Exd1 (570 
aa) in mouse testes lysates migrates as a ~70 kDa protein. Taken together, these studies 
indicate that Exd1 is a rapidly evolving protein that appears to have degenerated in 
Drosophilids by the loss of the N-terminal Lsm domain. As we showed above, the Lsm 
domain is critical for both interaction with Tdrd12 and for ssRNA-binding property of Exd1. 
It is then remarkable that only the Drosophila melanogaster genome encodes for three 
Tdrd12 orthologues: Yb, BoYb and SoYb. All other animals (including other insects) encode 
for only one Tdrd12 orthologue. We speculate that the fly piRNA pathway is evolving to 
80
 
evade interaction/regulation by Exd1, likely explaining the absence of any in vivo effect in 
the exd1 mutant flies.  
 
 
Analysis of a mouse Exd1 protein 
 
To establish a function for the Exd1 protein in the animal germline, we wished to investigate 
its role in the mouse system. Exd1 is abundantly expressed in the mouse testes, from where 
we isolated a cDNA encoding for a protein of 576 aa (~70 kDa). The encoded protein 
contains an N-terminal Lsm and central nuclease domains, followed by a long C-terminal tail 
(~200 aa) that is present in vertebrate Exd1 orthologues. We raised two independent rabbit 
polyclonal antibodies that can specifically recognize the protein as detected by Western 
analysis (Figure S5B). We are unable to detect Exd1 in total testes lysates, probably due to its 
low abundance, very much like that observed previously for mouse Tdrd12 (Pandey et al., 
2013). Importantly, endogenous Exd1 can be detected (when enriched) in immunopurified 
Tdrd12 complexes isolated from adult mouse testes (Figure 5E and Figure S5C). To 
characterize this association further, we co-expressed the two proteins in human HEK293T 
cell cultures, a somatic cell environment that does not express piRNA pathway factors. 
Mouse Tdrd12 and Exd1 interact in this heterologous system, and the interaction is dependent 
on the presence of an intact N-terminal Lsm domain in Exd1 (Figure 5F-G and Figure S5D). 
Furthermore, mouse Exd1 can self-associate (probably as dimers) in HEK293T cells (Figure 
S5E). All these features recapitulate the Tdrd12-Exd1 interaction we described for the 
Bombyx orthologues in BmN4 cells. 
 
 
Molecular consequence of Exd1 interaction with the Tdrd12 helicase core domain 
 
We demonstrated above that Lsm domain of Bombyx Exd1 contacts the helicase core of 
Bombyx Tdrd12. DEAD box ATPase core domains take up distinct open (ATP-unbound) and 
closed (ATP-bound) conformations depending on the presence or absence of the ligand. To 
determine whether Exd1 interaction is dependent on conformation state of the helicase core 
domain, we introduced point mutations that are predicted to abolish either ATP-binding 
(G→A) or ATP-hydrolysis (DD→AA) activities. These mutations are then expected to 
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preserve the helicase core domain in either open (G→A) or closed (DD→AA) states. Co-
immunoprecipitation experiments in transfected BmN4 cells reveal that the point mutations 
in Tdrd12 have no effect on association with Exd1. This indicates that their association is 
independent of the conformation state of Tdrd12’s helicase domain. 
 
 Next, we entertained the possibility that the Exd1 interaction might modulate activity 
of the helicase domain of Tdrd12. We first produced recombinant versions of Bombyx Tdrd12 
(260-1759 aa) without or with mutations in the helicase domain (Figure 6A-B). We will first 
test ATP-binding and ATP-hydrolysis activities of these preparations. Following which, we 
will incubate the proteins with either full-length Bombyx Exd1 or its deletion versions to 
evaluate whether we can observe any change in the activities of the ATPase domain. We 
speculate that Exd1 interaction can enable the recA domains in the helicase core of Tdrd12 to 
take up an active, closed conformation. The reverse is also possible. Supporting such a 
possibility, we found that the Exd1 dimer can make dramatically large movements, with the 
C-terminal hook acting as a hinge. When comparing crystal structures of Exd1 dimer in the 
presence or absence of included heavy metals (Samarium), a 55 degree movement 
(equivalent to 30Å) of the Lms-nuclease module is observed (Figure 6C). The structure 
without any added heavy metal shows a more open, splayed out configuration of the two 
monomers, while in the presence of Samarium, the two monomers are brought close together 
to narrow the gap between them. It is possible that a similar movement of the Exd1 
monomers will help to ‘close’ the helicase recA domains, allowing Tdrd12 to take an active 
conformation. This remains to be tested in the near future. 
 
DISCUSSION 
 
We initiated this study with an aim to reveal the molecular role of Tdrd12 using the Bombyx 
cell culture model BmN4. This led to identification of a novel factor Exd1. We demonstrated 
the existence of a complex consisting of Tdrd12-SiwI-Exd1 in BmN4 cells. Tdrd12-Exd1 
interaction is shown to be conserved in mouse testes lysates. Our domain mapping studies 
identified how the proteins interact. It appears that Tdrd12 is the molecular scaffold that 
provides independent interaction sites for both Siwi and Exd1. Importantly, the N-terminal 
Lsm domain of Exd1 interacts with a construct of Tdrd12 encompassing only the 1st tudor 
domain and the helicase core. We were unable to show that an isolated helicase core domain 
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can interact with isolated Lsm domain, as all constructions encompassing only the helicase 
core domain alone were not expressed in BmN4 cells. Nevertheless, since the 1st tudor 
domain alone does not interact with Exd1, we are confident that the helicase core in Tdrd12 
is the contact point for Exd1. 
 
 We found that Exd1 exists as a homodimer in solution. Our structural studies with a 
construct lacking the Lsm domain revealed that the nuclease domains are held together by a 
C-terminal hook consisting of three alpha helices. In fact, only one helix (helix3) was 
essential for this contact. We demonstrated the existence of Exd1 oligomers (probably 
dimers) in vivo in Bmn4 cells and also for the mouse protein in human HEK293T cells. 
Dimerization is not necessary for interaction with Tdrd12, indicating that a single contact by 
the Lsm domain is sufficient to mediate the interaction. 
 
 Early on it was clear that Exd1 is likely inactive as a nuclease. This was based on 
sequence alignment with other active DEDD superfamily nucleases. These key residues are 
all absent in Exd1. Indeed, recombinant Bombyx Exd1 did not display any nuclease activity in 
vitro. However, we were able to show that the protein can bind single-stranded RNA by a 
variety of methods (UV crosslinking, native gel-shifts and surface plasmon resonance). 
Interestingly, we showed that the monomeric protein can also bind RNA, but required the 
presence of the Lsm domain. The Lsm domain in Sm and Lsm proteins (that are part of the U 
snRNPs) functions to mediate protein-protein interaction between them and also to contact 
the U snRNA. Our studies reveal a similar role for the Lsm domain in Exd1. Similar use of 
Lsm domains as protein-protein interaction surfaces is reported in other contexts. For 
example, the Lsm domain of enhancer of decapping (EDC) is used for contacting the 
decapping enzyme (Tritschler et al., 2007).  
 
 We speculate that RNA-binding and Tdrd12 interaction via Lsm is mutually 
exclusive. It is possible that Exd1 acts as an RNA chaperone to deliver ssRNA molecules to 
Tdrd12. By contacting the helicase domain, the RNA cargo will be released, perhaps to 
Tdrd12. At the same time, we propose that the Lsm domains might function to manipulate the 
recA domains into a ‘closed’, active ATPase state. We currently have no proof for these 
suggestions and these will have to be tested in the near future. 
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 Finally, the lack of an in vivo role for Exd1 in the fly ovaries is likely due to 
degeneration of the protein (as it lacks the Lsm domain). In addition, the fly genome has 
expanded the repertoire of Tdrd12 proteins to evade interaction/regulation by Exd1. Again, as 
speculation, but currently the only best theory we can provide. Alternatively, it is likely that 
another protein complements the loss of Exd1 in the fly germline. Our initial studies indicate 
that mouse Exd1 behaves similar as Bombyx Exd1. Further studies, for instance, knock down 
of Exd1 from BmN4 or Exd1 knock-out mice analysis will be required to make any clear 
conclusions about the in vivo biological function of Exd1. 
 
 
EXPERIMENTAL PROCEDURES 
Full details of the Experimental Procedures are presented in the Extended Experimental 
Procedures. 
 
 
SUPPLEMENTAL INFORMATION 
 
Supplemental Information includes Extended Experimental Procedures and the supplemented 
figures. 
 
FIGURE LEGENDS 
 
Figure 1. Exd1 is a novel interaction partner of Tdrd12. (A) Domain organization of 
TDRD12 and Exd1 proteins in Bombyx mori. (B) Detection of Exd1, Siwi and Ago3 proteins 
in the immunoprecipitated (IP) HA-Tdrd12. (C) Detection of Tdrd12 protein in the 
immunoprecipitated HA-Exd1. (D) Immunoprecipitation and western confirm the specific 
interaction between Tdrd12 and Exd1. (E) Tdrd12, Exd1 and Siwi complex formation is 
RNA independent confirmed by immunoprecipitation treated with RNase. (F) Subcellular 
localization of endogenous Exd1 and HA-Tdrd12 and HA-Vasa. 
 
 
Figure 2. Exd1 interact helicase domain of Tdrd12 via the Lsm domain. (A) The cartoon 
indicates the Exd1 deletion versions expressed in BmN4. IP and western reveal Exd1 
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associates with Tdrd12 via its Lsm domain. (B) Detection of endogenous Tdrd12 and Siwi in 
different immunoprecipitated HA-Exd1 deletion versions. (C) The recombinant Lsm domain 
of Exd1 pull-down HA-Tdrd12 from BmN4 cell lysate. (D) and (E) The cartoon indicates the 
Tdrd12 deletion versions used for the domain mapping. IP and western confirm the 
interaction between the Tdrd12 helicase domain and Exd1. (F) Coomassie-stained SDS-
PAGE of purified Tdrd12-Exd1-Siwi complex co-expressed in Sf21 cells (left). The flow 
chart indicates the purification steps. The arrows indicate the three proteins which were 
verified by mass-spectrometry. Western blot shows the specificity of the proteins (right).  
 
 
Figure 3. Exd1 is an inactive nuclease and form homodimer. (A) Nuclease assay of 
Bombyx mori Exd1 FL, ΔN (73-315), ΔC (1-274) recombinant proteins. The proteins were 
incubated with 5’ radioactively labelled single-stranded RNA. The reactions were in 25 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 5 mM Mg2+. (B) Alignment of BmExd1 with other DEDD 
nuclease proteins. (C) Crystal structure of Bomby mori Exd1 (aa 73-315) is shown in ribbon 
representation. Each monomer is in different color. (D) and (E) The cartoon indicates the 
Exd1 constructs used for expression and analytical ultracentrifugation (AUC) analysis. AUC 
analysis of different Exd1 deletion versions reveals that Exd1 form dimer in solution. The 
dimerization is C-terminal dependent. (F) The cartoon indicates the Exd1 constructs used for 
expression in BmN4. Immunoprecipiataion and western confirm the in vivo oligomerization 
(probably dimmers) via the C-termimal helix.   
 
 
Figure 4. Exd1 binds ssRNA in a Lsm-dependent manner. (A) Binding of a radioactively 
labelled poly-U RNA to recombinant Exd1 protein assayed with UV crosslinking. (B) EMSA 
shows RNA binding activity of Exd1. Increased amounts of protein were incubated with 
single-stranded RNA and electrophoresed in 10% native gel. BSA was used as negative 
control. (C) Surface plasmon resonance (SPR) experiments indicate that RNA binding 
activity of Exd1 is dependent on the Lsm domain.  
 
 
Figure 5. Exd is dispensable for fertility and piRNA biogenesis in Drosophila. (A) 
Analysis of the involvement of CG11263, the Drosophila ortholog of Exd1, in the piRNA 
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pathway in the follicle cells. RNAi of Armi and Yb are as positive control. Two different 
hairpins from VDRC were used. (B) Fold changes of expression levels of two transposons 
(blood and Het-A) upon knockdown of CG11263 in germ cells. RNAi of Zuc and Spn-E is 
positive control. (C) Western confirms the absence of CG11263 in the CG11263 null mutant 
fly. Fold changes of expression levels of two transposons (blood and Het-A) upon the 
disruption of CG11263 gene. (D) Comparison of Exd1 domain organization and length from 
different species. (E) Endogenous Exd1 protein can be detected in the immunoprecipitated 
Tdrd12 complex from the mouse testes. (F) and (G) mTdrd12 and mExd1 interact directly 
and the interaction is N-terminal Lsm domain dependent. 
 
 
Figure 6. Lsm domain of Exd1 contacts helicase core of Tdrd12 and likely to activate its 
ATPase activity. (A) The domain organization of BmTdrd12 protein. (B) Coomassie-stained 
SDS-PAGE of purified recombinant Tdrd12 (wildtype and mutations) from Sf21 cells. (C) 
Overlap of the crystal structures of Exd1 dimer solved in the presence or absence of heavy 
metals (Samarium). Structure without heavy metal is shown in yellow and light green. 
Structure solved with heavy metal (Samarium) is shown in orange and dark green.  
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SUPPLEMENTAL INFORMATION 
 
EXTENDED EXPERIMENTAL PROCEDURES 
 
Clones and constructs  
For expression in Bombyx mori BmN4 ovarian cell cultures, the required coding sequences were 
cloned into pBEMBL vectors that drives expression from a OpIE2 promoter (from Orgyia 
pseudotsugata multicapsid nucleopolyhedrosis virus) with an N-terminal HA, Myc or FLAG tag 
(Xiol et al., 2012). Coding sequences for Bombyx mori proteins were identified in our BmN4 
transcriptome data set (Xiol et la., 2014) and cloned by reverse-transcription PCR (RT-PCR). 
The cDNA coding for endogenous Tdrd12 (1-1759 aa) encodes for a protein of ~200 kDa, as 
confirmed by Western blot analysis (Figure 1C), but such a tagged construct was never 
expressed in our hands. So we expressed an N-terminal deletion version (260-1759 aa) and 
consider that as the full length (FL) construct in our experiments (Pandey et al., 2013). The other 
fragments of Bombyx Tdrd12 used were: HA-Tdrd12-A (260-1619) aa, Tdrd12-B (260-1282 aa) 
and Tdrd12-C (1407-1759 aa) were as described (Pandey et al., 2013). Other deletions prepared 
for this study are Tdrd12-D (260-570 aa), Tdrd12-E (260-778 aa), Tdrd12-F (260-1007 aa), 
Tdrd12-G (260-991 aa). Following deletion fragments of Bombyx Exd1 (1-315 aa) were used: 
Exd1-A (1-228 aa), Exd1-B (1-274 aa), Exd1-C (32-315 aa), Exd1-D (51-315 aa), Exd1-E (79-
315 aa). Other Bombyx sequences used were Vreteno (Vret; 1-1048 aa), Papi (1-545 aa) and Spn-
E (1-1323 aa). Construct for Vasa (1-600 aa) is described (Xiol et al., 2014). Mus musculus 
(house mouse) (1-570 aa) and Drosophila (CG11263; 1-265 aa) orthologues of Bombyx Exd1 
were isolated by RT-PCR from total RNA of mouse testes or fly ovaries, respectively. 
 
 Bacterial expression constructs for Bombyx Exd1 were prepared in following vectors 
(EMBL Protein Expression and Purification Core Facility). pETM-22 vector (6xHis-
Thioredoxin-3C-fusion): full length Exd1 (1-315 aa). pETM-28 vector (6xHis-SUMO-TEV-
fusion): Exd1 (monomeric; 1-274 aa), Exd1 lacking Lsm domain (Exd1ΔLsm; 73-315 aa), 
Exd1ΔLsm with further C-term deletions [73-274 aa (monomeric), 73-291 aa and 73-301 aa) are 
all cloned in. pETM-28 vector. Exd1 Lsm domain (1-74 aa) is subcloned into pETM-11 vector 
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(6xHis-fusion). The following antigens were used for antibody production: Bombyx Exd1 (1-315 
aa) cloned in pETM-22; Drosophila DmExd1 (1-56 aa) and mouse Exd1 (1-126 aa) and (420-
570 aa) fragments cloned into pETM-11 vector. 
 
 For expression in insect cells Spodoptera frugiperda 21 (Sf21) cells, coding sequences 
were integrated into the Baculovirus genome as described (Trowitzsch et al., 2010).  Coding 
sequence for Bombyx Tdrd12-FL (260-1759 aa) was inserted into the pACEBac2- vector for 
expression as a 6xHis-tagged-SUMO fusion. A MultiBac expression construct with His-Strep-
TEV-Tdrd12, and untagged versions of Siwi and Exd1 were prepared. Briefly, Tdrd12 (260-
1759) coding sequence was cloned into pACEBac2Sumo acceptor vector and Siwi (1-899) was 
inserted into pIDC donor vector, while Exd1 (1-315) was placed in the pIDK donor vector. 
These three vectors were combined together to generate multi-gene expression plasmid by Cre-
Lox recombination. 
 
 Mammalian expression vectors for HA-tagged versions of mouse proteins Tdrd12 (1-
1215 aa) (Pandey et al., 2013), and Mili, Miwi (Reuter et al., 2009) are described. Mouse Exd1 
coding sequences were inserted into the pcDNA3-Myc vector to be expressed as N-terminal 
Myc-tagged versions: Exd1-FL (1-570 aa), and versions lacking the N-terminal Lsm domain, 
Exd-A (56-570 aa) and Exd-B (94-570 aa), and versions lack the C-terminal region: 1-430 aa, 1-
358 aa. 
 
Antibodies 
Antigen for Bombyx Exd1 (1-315 aa) was produced in the E. coli BL21 strain as a soluble 6xHis-
Thiredoxin fusion. After purification over a Nickel-NTA column and cleavage of the tag with 
Prosec protease, the untagged soluble protein was used as an antigen. Drosophila (1-56 aa) and 
mouse (1-126 aa and 420-570 aa) Exd1 antigens were produced in E. coli BL21 strain as 
insoluble 6xHis-tagged fusions. The insoluble proteins were purified from inclusion bodies by 
inclusion body extraction method. 
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Antigens were mixed with adjuvant for production of polyclonal antibodies in rabbits. 
One or two rabbits were used for each antigen. Antibodies were affinity-purified from crude 
immune sera using the antigens. For insoluble antigens, large amounts of purified antigens were 
resolved by SDS-PAGE and blotted on nitrocellulose membrane by semi-dry western transfer. 
After reversible staining with Ponceau S (P3504, Sigma), part of the membrane containing the 
antigen was cut out and incubated overnight with crude immune sera. After washes (1xPBS), 
bound antibodies were eluted with low pH (500 µL 0.1 M Glycine pH 2.5, 150 mM NaCl) and 
neutralized (150 µL 0.5 M Tris-HCl pH 8.0, 150 mM NaCl). Antibodies were stored in 50% 
glycerol at -20°C and used over a period of several months. For soluble antigens, proteins were 
coupled to CnBr-activated beads (Roche) in 0.1 M NaHCO3 pH 8.3, 0.5 M NaCl. The affinity-
matrix was washed with PBS to remove unbound protein. Antigen-bound beads were incubated 
overnight with crude immune sera and washed. Bound antibodies were eluted with low pH and 
neutralized as described above. 
 
 Antibodies for Bombyx proteins Tdrd12 (rabbit polyclonal) (Pandey et al., 2013), Siwi 
and Ago3 (rabbit or rat polyclonal) (Xiol et al., 2012) were described. Mouse anti-Myc 
monoclonal antibody (clone 9E10) was produced at the EMBL Monoclonal Antibodies Core 
Facility (MACF), Monterotondo, Rome, Italy (currently available from Paratopes Ltd, Somerset, 
UK), while mouse anti-HA monoclonal was a kind gift of Marc Buhler, FMI, Basel, Switzerland.  
 
Commercial antibodies were purchased: anti-His (Amersham; 27-4710-01), rabbit anti-
HA (Santa Cruz; sc-805), anti-beta-Tubulin (Abcam; ab6046) for detecting Drosophila Tubulin, 
anti-HA affinity matrix (Roche) for immunoprecipitations. For immunofluorescence studies the 
following secondary antibodies were used: anti-rabbit, anti-rat or anti-mouse-IgG coupled to one 
of the fluorescent dyes: Alexa Fluor 488/594/532 (Invitrogen). For Western blot analyses the 
following secondary antibodies conjugated to Horse Radish Peroxidase were used: anti-rabbit 
IgG HRP-linked antibody (GE Healthcare; NA934), anti-mouse IgG HRP-linked (GE 
Healthcare; NA931) and anti-rat IgG HRP-linked (GeneScript; A00167) 
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Cell culture, immunoprecipitations and immunofluorescence  
The Bombyx mori (Silkworm) ovarian cell line BmN4 (Kawaoka et al., 2009) was maintained in 
IPL-41 media (Invitrogen catalogue no. 11405057) supplemented with 10% fetal bovine serum 
(Invitrogen; Catalogue no. 16000044) and 0.2% Penicillin:Streptomycin (Invitrogen). The 
adherent cells were cultured in a temperature-controlled incubator at 27°C. Initially, cells grow 
as a monolayer with well-defined, elongated morphology that attach to the plate surface. After 
reaching confluence a second layer of rounded cells grows on top of the monolayer. Upon 
reaching the second layer, cells were passaged and monolayer cells at ~80% confluency were 
used for transfections. For immunoprecipitations, cells were grown in a 6-cm petri dish and 
transfected (Fugene; Roche) with 2 µg of expression plasmids. For immunofluoresence analysis, 
glass coverslips are placed in 6-well or 12-well plates before seeding cells. 
 
Cells were removed from their growth surface using a cell scraper (Cell scraper, Costar; 
catalogue no. 3010) into 1x PBS and collected by gentle centrifugation (800 x g). Cells were 
lysed by douncing (thirty strokes) in lysis buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 0.5% 
Triton x-100, 0.1% NP-40, protease inhibitor) and spun at 10,000 rpm for 10 min. Cleared 
lysates were incubated with 15 µl of anti-HA affinity matrix (Roche) for 3 hours at 4°C. Beads 
were collected by gentle centrifugation, 600 x g for 1 min at 4°C. After five washes with wash 
buffer (50 mM Tris-HCl pH 8.0, 150mM NaCl, 0.1% NP-40), bead-bound complexes were used 
for protein or RNA analyses. When required, immunoprecipitated complexes were treated with 
RNases (mix of RNaseA and RNase T1; Thermo scientific, Cat. No EN0551) for 30 min at 4°C, 
prior to analyses. Complexes were separated by 10% SDS-PAGE and examined by Western 
blotting using specific antibodies. To isolate associated RNAs, proteins in bead-bound 
complexes were digested with Proteinase K and RNAs was extracted with phenol-chloroform, 
and precipitated in ethanol. To visualize RNAs, they were dephosphorylated with rAPid alkaline 
phosphatase (recombinant bovine phosphatase; Roche) and 5’-end labelled with -[32P]-ATP and 
T4 polynucleotide kinase (Thermo Scientific EK0031). The labelled RNAs were resolved by 15-
20% (w/v) urea-PAGE. Gels were exposed to Phosphor Storage screens (GE Health) and 
scanned (Typhoon scanner; GE Health).  
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For immunofluorescence studies, BmN4 cells were grown on coverslips and proteins 
detected using primary antibodies to specific proteins or anti-tag antibodies. Cells were 
examined using a Leica TCS SP2 AOBS, inverted confocal microscope. The following 
secondary antibodies (Invitrogen) were used: anti-rabbit, anti-rat or anti-mouse-IgG coupled to 
one of the fluorescent dyes (Alexa Fluor 488/594/532).  
 
 
Mass spectrometry 
Immunoprecipitated HA-Tdrd12 complexes from transfected BmN4 cells were eluted by adding 
SDS-loading buffer and heat at 95 °C for 3 min.  The associated proteins were identified by mass 
spectrometry (EMBL Proteomics Core, EMBL Heidelberg).  
 
Protein production and purification from bacterial systems 
The full-length Bombyx Exd1 (1-315 aa) was expressed from a pETM-22 vector as a His-
Therodoxin-fusion protein using the E. coli BL 21 strain. 0.5 mM Isopropyl -D-1-
thiogalactopyranoside (IPTG) was added to the bacteria when the OD600 reach ~0.6. The proteins 
were expressed overnight at 18 °C following the induction. The proteins were purified by Ni+2-
affinity chromatography in lysis buufer (25 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM DTT, 20 
mM Imidazole) supplemented with protease inhibitor (Roche complete EDTA-free, 1  tablet for 
50 ml of lysisi buffer), followed by removal of the His-Therodoxin tag with 3C protease. The 
protein was further purified on a ion-exchange column (HiTrap Q HP; GE healthcare, 17-1154-
01) and mono-dispersed fractions collected by gel filtration chromatography (Superdex 200; GE 
healthcare). Analytical ultra-centrifugation experiments indicated the protein to exist as a 
homodimer. Similar protocol was used for purification of all other proteins used for biochemical, 
biophysical and structural studies. 
 
 To obtain well-behaved core structural domains, the full-length bombyx Exd1 protein was 
subjected to limited proteolysis with Trpsin. Approximately 120 µg of protein was incubated 
with 120 ng proteases at 22 °C, and an aliquote of 20 µg proteins were removed at different time 
points: 0, 20, 40, 60, 80, 120 min. The resulting protein fragments were identified by acid 
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hydrolysis and mass spectrometry (EMBL Proteomics Core Facility, EMBL Heidelberg). One of 
the fragments (73-315 aa; Band A in Figure S3B) was robustly expressed and yielded crystals of 
high quality. The fragment 73-315 Exd1 were purified by Ni2+-affinity chromatography with 
lysis buffer Tris-HCl 25 mM, NaCl 150 mM, 2-Mercaptoethanol 5 mM, Imidazole 20 mM and 
protease inhibitor (Roche) followed by removal of the His-SUMO tag with TEV protease. The 
protein was further purified on a SP ion-exchange column (Hi-Trap; GE healthcare) equilibrated 
with MES 25 mM, NaCl 50 mM, 2-Mercaptoethanol 5 mM  at pH 6, and mono-dispersed 
fractions collected by gel filtration chromatography (Superdex 75; GE healthcare) with MES 25 
mM, NaCl 150mM and DTT 5mM.  
 
Protein (Tdrd12) production and purification from insect cells 
The Bombyx Tdrd12 full-length was cloned into pACEBac2-Sumo vector, which is transformed 
to DH10EMBacY competent cells, where the recombination occurs and the Bacmid formed. The 
Bacmid was extracted and transfected to Sf21 cells. Vo virus was collected 48 hours post 
transfection. The cells were washed and collected in PBS 96 hours post transfection. Sonication 
and loaded for western to check the expression of the protein. 3.0 ml Vo virus was added into 25 
ml Sf21 (0.5 x 10 6/ml) to amplify V1. V1 was collect 24 hours post proliferation arrest. For 
large scale expression, the volume ratio between V1 and Sf21 cell was 1:400. Cells were harvest 
72 hours post proliferation arrest. The protein purification was as described as Exd1 purification 
from bacteria. 
 
Crystallization of Bombyx Exd1 
Full-length Bombyx Exd1 (1-315 aa) yielded needle-like crystals that did not diffract well. 
Robotic screening with a version having only the core exonuclease domain (73-315 aa) gave 
bigger crystals. The fragment Exd1 73-315 crystals were grown using the hanging drop vapor 
diffusion method. The protein was purified in buffer 25 mM MES pH 6.0, 150 mM NaCl and 5 
mM DTT, the reservoir solution contains 50 mM Tris pH 8.5, 5 mM MgSO4, 35% (w/v) 1,6-
hexanediol. The crystals grew at 4°C. Complete data sets were collected to a resolution of 1.6 Å 
on beamline ID29 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). 
 
104
 
Nuclease assay:  
The single stranded RNA oligonucleotide substrate (ssRNA) used in nuclease assay was the 
same as RNA5 in EMSA, ordered from Microsynth: 5’-
GGCGAGAAAACCAUUUCAUCUACAACGUCAUCUCAGCAU-3’ (39-nt). ssRNA were 
labeled at the 5’ end with [ -32P]ATP and T4 polynucleotide kinase (Thermo Scientific EK0031). 
~0.02 pmol RNA substrate was mixed with ~ 50 pmol purified recombinant BmExd1 proteins: 
FL (aa 1-315), ΔN (aa 73-315) and ΔC (aa 1-274), and incubated at 27 °C for 1 hour. Two 
different buffers were used in the assay: Tris buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 
mM Ca2+ or Mg2+, 2 mM DTT) and MES buffer (25 mM MES-NaOH pH6.5, 150 mM NaCl, 2 
mM Ca2+ or Mg2+, 2 mM DTT). Protease K treatment was used to terminate the reaction. RNA 
was isolated by phenol-chloroform extraction and precipitated with ethanol, followed by 
resolving on 15% denaturing polyacrylamide gels. After electrophoresis, the gel was dried and 
exposed to Phosphor Storage screen (GE Healthcare). 
 
UV cross-linking assays 
Proteins (2 µg) were incubated for 20 min at room temperature with 0.02 pmol of synthetic 5’-
[32P]-labeled 10-mer poly(U) RNA (Microsynth) in buffer (10 mM Tris-HCl pH 7.5, 50 mM 
KCl, 1 mM DTT, 10% Glycerol) in a final volume of 20 µl. The solution mixture was then 
carefully deposited on the inner side of the cap of an eppendorf tube kept on ice, and irradiated 
for 5 min with a 254 nm UV lamp (Stratalinker 1800, Stratagene). The distance between the UV 
lamp and the sample is about 2 cm. After irradiation, samples were boiled for 5 min in SDS 
loading buffer and resolved by 10% SDS-polyacrylamide gel electrophoresis. After 
electrophoresis, the gels were first stained with Coomassie Blue (for visualizing proteins) and 
then exposed to Phosphor Storage screens (GE Health) and scanned (Typhoon scanner; GE 
Health). 
 
Electrophoresis Mobility Shift Assay (EMSA)  
The single stranded RNA oligonucleotide substrate (ssRNA) used in nuclease assay was the 
same as RNA5 used in EMSA. ssRNA were labeled at the 5’ end with [ -32P]ATP and T4 
polynucleotide kinase (Fermentas; EK0031). ~0.02 pmol RNA substrate was mixed with ~ 50 
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pmol purified recombinant BmExd1 proteins: FL (aa 1-315), ΔN (aa 73-315) and ΔC (aa 1-274), 
and incubated at 27 °C for 1 hr. Two different buffers were used in the assay: Tris buffer (25 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 2 mM Ca2+ or Mg2+, 2 mM DTT) and MES buffer (25 mM 
MES-NaOH pH6.5, 150 mM NaCl, 2 mM Ca2+ or Mg2+, 2 mM DTT). Protease K treatment was 
used to terminate the reaction. RNA was isolated by phenol/chloroform extraction and was 
precipitated with ethanol, followed by resolving on 15% denaturing polyacrylamide gels. After 
electrophoresis, the gel was dried and exposed to Phosphor Storage screen (GE Healthcare). 
 
 
 
 
Kinetic studies 
Surface Plasmon Resonance (SPR) experiments were carried out on a Biacore 3000 system (GE 
Healthcare) using a streptavidin-coated Sensor Chip SA (GE healthcare). The chip was washed 
with 1 M NaCl, 50 mM NaOH solution prior to the immobilization of RNA. A single-stranded 
5’-biotinylated 20-mer (5’-GAGCACCUGUGUUCAUGUCA-3’) synthetic RNA (Microsynth) 
was dissolved in a solution containing 25 mM MES-NaOH pH 6.0, 150 mM NaCl, and 2 mM 
DTT at a concentration of 0.02 µM and applied to Fc2 channel of the chip. To reduce mass 
transport limitations for reliable kinetics assays, repetitive injections of 10 µl of the above buffer 
were applied (flow rate = 10 µl/min) until the response units (RU) reached 150-200 RU (Fc2-
Fc1). BmExd1 (1-315), BmExd1ΔN (73-315) and BmExd1ΔC (1-274) were prepared in 25 mM 
MES-NaOH pH 6.0, 150 mM NaCl, and 2 mM DTT, and directly applied to a Fc2-Fc1 channel. 
A multicycle kinetic procedure was utilized to measure the binding. Analytes at 
appropriate range of concentrations (0.25 µM – 5 µM) were injected through Fc1 and Fc2 
channels to measure the binding. The flow rate was set at 20 μl/min. Data for a period of 160 
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seconds of association and 300 seconds of dissociation were collected. The sensor surface was 
regenerated after every injection by washing with following solutions: 0.1% SDS, 1M NaCl and 
running buffer. The sensorgrams obtained from assay channel (Fc2) were subtracted by the 
buffer control and the Fc1 channel control, and then overlaid for kinetic fitting to obtain the 
binding on (kon) and off (koff) rates, and affinity (KD = koff/kon). The kinetic fitting was carried out 
with the Biacore 3000 evaluation software using 1:1 Langmuir binding model (A + B = AB). χ2 
is used as a statistical measure to evaluate how closely a model fits the experimental data. In 
general, a χ2 value lower than 5 is considered as a good fit to sensorgrams with normal noise 
level.  
 
Drosophila experiments 
RNAi lines 
The following double-stranded RNA (dsRNA) hairpin constructs targeting genes of 
interest were obtained from VDRC (Vienna Drosophila Resource Center, Vienna, Austria) 
(Dietz et al., 2007): zuc (48764GD), armi (16205GD), spn-E (21374GD), fs(1)Yb (23437GD), 
DmExd1/CG11263 (31112GD and 31113GD), BoYb (18149GD), or from the NIG (National 
Institute of Genetics Fly Stock Center, Japan): CG11263 (11263-R1), CG11263 (11263-R2), 
BoYb (11133-R1), SoYb (31755-R1).  
 
Monitoring of piRNA pathway activity in knock-down flies  
RNAi knock-down experiments in either the somatic follicle cells or the germline of 
Drosophila ovary was performed as previously described (Handler et al., 2011; Olivieri et al., 
2010). Briefly, directed expression in the ovarian somatic follicle cells was achieved with the 
soma-specific driver line tj-GAL4 (traffic jam) (insertion P{w[+mW.hs]=GawB}NP1624), 
carrying the reporter construct gypsy-lacZ (Sarot et al., 2004) as described in (Olivieri et al., 
2010) while specific expression in the germ-line was achieved with the germline-specific nos-
GAL4 (nanos) (insertion P[GAL4-nos.NGT]40) driver line carrying a UAS-Dcr (Dicer2) 
transgene (P[UAS-Dcr-2.D]1). In this strain, the expression of Dicer2 double-stranded RNA 
ribonuclease promotes RNAi from hairpins in the germline, as described (Handler et al., 2011). 
The corresponding stocks were a kind gift from Julius Brennecke (IMBA, Vienna), ie: tj-Gal4; 
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gypsy-lacZ (Olivieri et al., 2010) and UAS-Dcr2; NGT40-Gal4 (Handler et al., 2011). Impact of 
gene silencing in the somatic follicle cells was monitored by -Gal staining of isolated ovaries 
using classical methods to measure activity of -gal encoded by the gypsy-lacZ reporter (in 
which 5’ UTR gypsy sequence are incorporated to the lacZ reporter gene) (Olivieri et al., 2010; 
Sarot et al., 2004). In wildtype cells, antisense piRNAs to gypsy transposon silence the reporter, 
hence no signal is detected (no colour) in ovary staining. In the opposite, defective piRNAs 
pathway allows for gene transcription and production of active -gal, hence a blue signal is 
detected in ovary staining. Stained ovaries were examined under a Axiovision Z1 Zeiss wide-
field microscope. In the case of the germline, integrity of the piRNA pathway was monitored by 
determination of transposon transcript levels by reverse-transcription PCR (RT-PCR) analyses 
from total RNAs isolated from dissected ovaries. Ovaries from different genotypes were 
collected and placed in Trizol for RNA extraction and subsequent analysis by qRT-PCR.  
 
Characterization of Drosophila Exd1MI07943 null allele 
The fly line Exd1MI07943 (y[1] w[*]; Mi{y[+mDint2]=MIC}CG11263[MI07943]) carrying an 
insertion in the Exd1 (CG11263) locus was issued from a collection of Minos transposon-
mediated integration cassette (MiMIC) insertions in Drosophila (Venken et al., 2011). The stock 
was obtained from BDSC (Bloomington Drosophila Stock Center) (BL#44902) and present 
normal viability and fertility. Western blot analysis of mutant ovary lysates confirmed the 
complete absence of the protein (Figure 5C). Briefly, total protein extracts were prepared from 
isolated ovaries (1 pair) and western blots were probed using rabbit anti-DmExd1 antibodies. 
Tubulin was used as loading control. Ovaries from different genotypes were collected and placed 
in Trizol for RNA analysis.  
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SUPPLEMENTAL FIGURE LEGENDS 
 
Figure S1. Components of the HA-Tdrd12 complex and in vitro verification. (A) Mass 
spectrometry analyses of indicated HA-tagged Tdrd12 protein complexes immunoprecipitated 
from BmN4 cells. A ratio of spectral counts in the sample versus beads controls is indicated. (B) 
Detection of endogenous Exd1 in BmN4 and the test of the specificity of the antibody. (C) 
Western blot analysis showing the presence/absence in the indicated immunoprecipitated 
complex. (D) Alignment of Exd1 from Bombyx mori (silkworm), mouse and flies.  
 
Figure S2. Exd1 interact helicase domain of Tdrd12 via the Lsm domain. (A) The cartoon 
indicates the Exd1 deletion versions expressed in BmN4. IP and western reveal Exd1 associates 
with Tdrd12 via its Lsm domain. (B) and (C) The cartoon indicates the Tdrd12 deletion versions 
used for the domain mapping. IP and western analysis confirm the interaction between the 
Tdrd12 helicase domain and Exd1. 
 
Figure S3. Exd1 is an inactive nuclease and dimerize. (A) Nuclease assay of Bombyx mori 
Exd1 FL, ΔN (73-315), ΔC (1-274) recombinant proteins. The conditions are indicated below the 
picture. (B) Coomassie-stained of SDS-PAGE showing limited proteolysis of Exd1. Bands A 
(73-315 aa) and B (127-315 aa) are the two stable fragments. The cartoon below shows the 
fragments that are used for crystallization and AUC analysis. (C) The cartoon represents the 
Exd1 constructs used for in vivo self-interaction assay. Immunoprecipiataion and western 
confirm the in vivo oligomerization (probably dimmers) via the C-termimal helix.   
 
Figure S4. Exd1 binds single-stranded RNA. (A) EMSA shows RNA binding activity of Exd1. 
Increased amounts of protein were incubated with single-stranded RNA and electrophoresed in 
10% native gel. BSA was used as negative control. (B) Electrostatic surface for Exd1 dimer (top 
view) shows a negatively charged groove between the two monomers.  
 
Figure S5. Mouse Exd1 protein interact with Tdrd12 and oligomerize. (A) Detect of 
transfected HA-tagged Drosophila Exd1 (DmExd1 or CG11263) in BmN4 and the test of the 
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specificity of Drosophila Exd1 antibody by western and immunoprecipitation. (B) Test of the 
mouse Exd1 antibody by western and immunoprecipitation. (C) Detect of endogenous Exd1 in 
immunoprecipitated Tdrd12 complex from mouse testes. (D) mTdrd12 and mExd1 interaction is 
N-terminal Lsm domain dependent.  (E) mExd1 can form oligomer in vivo.  
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Chapter 5. Functional study of Vasa 
Résumé  
Les ARN interagissant avec Piwi (piARN) protègent l'intégrité du génome et sont essentiels pour 
le développement de la lignée germinale. La synthèse des piARN est relativement mal comprise 
par rapport à celle des autres petits ARN du type miARN et siARN, en raison du grand nombre 
de facteurs protéiques impliqués dans ce processus. Notre connaissance de la biogenèse des 
piARN est principalement tirée des études génétiques chez la drosophile. Plusieurs voies de 
biogenèse des piARN existent dans les différents compartiments de la chambre à œufs des 
mouches. Dans les cellules somatiques folliculaires, les piARN sont produits à partir de la voie 
de biogenèse primaire. Dans les cellules germinales, en revanche, les piARN sont produits à la 
fois par la voie primaire et la voie secondaire. La biogenèse secondaire est également connue 
sous le nom de  « cycle Ping-pong », une boucle de réaction positive par laquelle les piARN sont 
amplifiés. Chez la souris, il existe également des piARN secondaires biosynthétisés qui sont 
chargés dans les protéines MIWI2, bien que l'amplification soit une voie linéaire au lieu d'un 
cycle. De nombreux facteurs protéiques ont été identifiés comme étant impliqués dans le cycle 
Ping-pong. Mais la façon dont ils sont orchestrés pour maintenir le cycle Ping-pong n'est pas 
claire au niveau moléculaire. Dans cette étude, nous avons révélé la fonction moléculaire de 
Vasa, une protéine conservée présente chez les mouches et les souris dans le cycle Ping-pong. 
L'étude a été réalisée dans la lignée cellulaire BmN4, dérivée des ovaires de Bombyx mori (ver à 
soie), qui comportent un cycle Ping-Pong robuste. Nous démontrons que Vasa, une hélicase 
ATP-dépendante à DEAD box, joue un rôle central dans le cycle Ping-pong. Une mutation 
(DEAD-DQAD) dans le motif d'hydrolyse de l'ATP oblige Vasa à rester dans la conformation 
« fermée » et empêche la libération des produits hydrolysés. Par conséquent, le complexe 
« Amplifier» est pris au piège sur le domaine hélicase fermé de Vasa. Le complexe Amplifier  
comprend les deux protéines Piwi, partenaires Ping-pong  (Siwi et Ago3), les piARN anti-sens 
associés à Siwi, les transcripts de transposons sens, et une autre protéine Qin / Kumo, qui a été 
présentée comme fondamentale pour le Ping-pong hétérogène chez la drosophile. Nous avons 
montré que Vasa peut faciliter le cycle Ping-pong en transférant les intermédiaires clivées à 
Ago3 par hydrolyse de l'ATP. 
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Summary of the Chapter 
Piwi-interacting RNAs (piRNAs) protect the genomic integrity and are essential for germline 
development. Currently, the production of piRNA is poorly understood compared to other small 
RNAs like miRNAs and siRNAs, due to the large number of protein factors involved in the 
piRNA biogenesis. Our knowledge of piRNA biogenesis comes mainly from the genetic studies 
in Drosophila. Different piRNA biogenesis pathways exist in different compartments of the fly 
egg chamber. In somatic follicle cells, piRNAs are produced from the primary piRNA pathway. 
In germ cells, piRNAs are produced from both primary and secondary biogenesis pathways. The 
secondary biogenesis, also known as Ping-pong cycle, is a feed-forward loop through which the 
piRNAs are amplified. In mice, a linear secondary biogenesis pathway exists where piRNAs 
loaded onto MIWI2 are amplified. Many protein factors have been identified to be involved in 
the Ping-pong cycle, but their molecular-level orchestration within the Ping-pong cycle remains 
unclear. In this study, we revealed the molecular function of Vasa, a conserved protein involved 
in the Ping-pong cycle of both flies and mice. The study was carried out in Bomby mori 
(silkworm) ovary derived cell line-BmN4, which encompasses a robust Ping-pong cycle. We 
demonstrate that Vasa, an ATP dependent DEAD box helicase, plays the central role in Ping-
pong cycle. Mutation (DEAD-DQAD) within the ATP hydrolysis motif causes Vasa to stay in 
the closed conformation and prevented the release of the hydrolysed products. Consequently, the 
“Amplifier complex” is trapped on the closed helicase domain of Vasa. The “Amplifier 
complex” comprises the two Ping-pong partner Piwi proteins (Siwi and Ago3), the Siwi-
associated anti-sense piRNAs, the sense transposon transcripts, and another protein Qin/Kumo, 
which has been shown to be essential for the heterogeneous Ping-pong in Drosophila. We 
showed that Vasa can facilitate the Ping-pong cycle by transferring the cleaved intermediates to 
Ago3 via ATP hydrolysis.  
 
 
 
 
114
Contribution to the publications: 
In the Publication entitled “RNA Clamping by Vasa Assembles a piRNA Amplifier Complex on 
Transposon Transcripts”, I contributed two parts described as follows: 
1) To verify that Qin/Kumo is one of the component of the “Amplifier complex” (Figure 2D). 
The DEAD-DQAD mutation in ATP hydrolysis motif reduced the fast dynamic turnover of 
Vasa, which has led us to examine whether there is a complex accumulated in the nuage. 
Proteins involved in the piRNA pathway (Figure 2A) are identified by mass spectrometry of the 
immunoprecipitated HA-tagged VasaDQAD complex. This includes Siwi and Ago3, the two Ping-
pong partners in BmN4. Additionally, Qin/Kumo, a protein factor that is essential for Ping-pong 
cycle in Drosophila, is also detected. We verified the presence of Qin/Kumo in the complex by 
western (Figure 2D).  
2) Siwi, Ago3, and Qin/Kumo are assembled on the helicase core domain of Vasa (Figure 5E). 
Vasa is an ATP gated RNA binding protein. The binding of ATP leads to the closed 
conformation of the two RecA-like domains, which lead to the binding of RNA substrates. ATP 
hydrolysis and release of the hydrolysed products promote the open conformation of the two 
RecA like domain and the turnover of the Vasa protein. The crystal structure study of VasaDQAD 
helicase domain reveals that it fails to reject the hydrolyzed ATP product (ADP + Pi), resulting 
in the RNA substrate and “Amplifier complex” being trapped on the protein. Vasa contains N-
terminal domain and the canonical helicase domain. To understand how the “Amplifier 
complex” are assembled, we prepared several deletion constructs and tested whether the deletion 
constructs mediated the interaction with components of the “Amplifier complex”. The results 
show that the helicase domain is enough for the assembly of the “Amplifier complex” (Figure 
5E), indicating that the binding surfaces are created when the two RecA-like domains are in the 
closed conformation. The hydrolysis of ATP and release of the hydrolysed products facilitate the 
open conformation and disrupt the binding surface, which lead to the disassembly of the 
“Amplifier complex”.    
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SUMMARY
Germline-specific Piwi-interacting RNAs (piRNAs)
protect animal genomes against transposons and
are essential for fertility. piRNAs targeting active
transposons are amplified by the ping-pong cycle,
which couples Piwi endonucleolytic slicing of target
RNAs tobiogenesisofnewpiRNAs.Here,wedescribe
the identification of a transient Amplifier complex that
mediates biogenesis of secondary piRNAs in insect
cells. Amplifier is nucleated by the DEAD box RNA
helicase Vasa and contains the two Piwi proteins
participating in the ping-pong loop, the Tudor protein
Qin/Kumo and antisense piRNA guides. These com-
ponents assemble on the surface of Vasa’s helicase
domain, which functions as an RNA clamp to anchor
Amplifier onto transposon transcripts. We show that
ATP-dependent RNP remodeling by Vasa facilitates
transfer of 50 sliced piRNA precursors between ping-
pong partners, and loss of this activity causes sterility
in Drosophila. Our results reveal the molecular basis
for the small RNA amplification that confers adaptive
immunity against transposons.
INTRODUCTION
Mobile genomic elements called transposons constitute a large
part of eukaryotic genomes and present a formidable threat to
genome integrity due to their ability to cause mutations or
ectopic recombination events (Kazazian, 2004). Animal gonads
employ the dedicated PIWI clade Argonautes and their associ-
ated 24–30 nucleotide (nt) Piwi-interacting RNAs (piRNAs) to
suppress transposon activity. piRNAs guide Piwi proteins to their
transposon targets, which are identified by sequence comple-
mentarity between the piRNA and the target. Some Piwi pro-
teins function as small RNA-guided endoribonucleases (slicers),
whereas nuclear Piwi complexes may also mediate silencing by
altering chromatin or DNA methylation status of target genomic
loci. The importance of this pathway is highlighted by the fact
that Piwi mutants display infertility due to defects in germline
development, presumably as a result of genome instability
caused by transposon activation (Bagijn et al., 2012; Ghildiyal
and Zamore, 2009; Luteijn and Ketting, 2013).
Guidance information for Piwi proteins is genetically encoded
into a few hundred genomic regions called piRNA clusters (Bren-
necke et al., 2007). These genomic intervals serve as a registry of
all transposons hosted in the genome by containing a high den-
sity of transposon fragment insertions. Clusters are transcribed
into a long single-stranded piRNA precursor (up to 100 kb
long) and are then exported to the cytoplasm by RNA export
factors like Uap56 (Zhang et al., 2012) for maturation into tens
of thousands of piRNAs via a poorly understood primary pro-
cessing pathway (Brennecke et al., 2007). Processing is believed
to take place in cytoplasmic perinuclear granules called nuage
that concentrate most known piRNA processing factors (Lim
and Kai, 2007). By providing germ cells with a complex mixture
of sequences to target all mobile elements present in the
genome, these primary piRNAs act as the genetically encoded
component of an RNA-based innate immune system (Aravin
et al., 2007).
Germcells have an additional andmore elegant piRNAbiogen-
esis pathway where target silencing itself triggers generation
of new piRNAs. Sequence analyses of small RNAs associating
with the Drosophila Piwi proteins (Aubergine and Ago3) formed
the basis for such a proposal, and these ideas are incorporated
into the so-called ping-pong model (Brennecke et al., 2007;
Gunawardane et al., 2007). It is proposed that antisense primary
piRNAs guide Aubergine (Aub) for cytoplasmic endonucleolytic
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cleavage (slicing) of target transposonRNAs. One of the resulting
cleavage fragments is then utilized to generate a new secondary
piRNA that associates with Ago3, with the cleavage site marking
its 50 end. Given their origin from transposon transcripts, Ago3-
bound piRNAs are of sense orientation. These, in turn, guide
Ago3 slicer activity to complementary cluster transcripts, with a
cleavage fragment maturing exactly as the same Aub-bound
antisense piRNA that initiated the transposon cleavage. In such
a scenario, Ago3 slicing serves to prioritize production of specific
antisense piRNAs from piRNA cluster transcripts (Li et al., 2009).
The system is built such that abundant transposons will produce
more Ago3-loaded piRNAs, resulting in even greater production
of antisense piRNAs in Aub. Such a feedforward amplification
loop represents the adaptive armof theRNA-based immune sys-
tem that monitors transposon activity and selectively amplifies
thosepiRNAs that target themost active transposons. The versa-
tility of theping-pongcycle is evident from the fact thatmaternally
deposited piRNAs can also serve as inputs, thereby allowing the
embryo to rapidly ramp up immunity against paternally inherited
transposons to avert infertility caused by hybrid dysgenesis
(Brennecke et al., 2008; Grentzinger et al., 2012). It can also pro-
mote emergence of newpiRNA loci by targeting genomic regions
in trans (de Vanssay et al., 2012).
We currently do not understand how such a complex small
RNA amplification pathway works. RNA slicing by Piwi proteins
and that occurring during RNA interference (RNAi) (Meister,
2013) are biochemically indistinguishable. However, RNAi leads
to complete degradation of the target. Germ cells must therefore
possess an undefined machinery that safely transfers the Piwi-
generated slicer cleavage fragments from one ping-pong
Piwi partner to the other for maturation as secondary piRNAs.
Genetic and biochemical analyses have uncovered a number
of factors that are essential for secondary piRNA biogenesis
(Czech et al., 2013; Malone et al., 2009), but how they contribute
to what is likely to be amultistep processing pathway is currently
unclear. RNA helicases are prime candidates for bringing about
dynamic associations and remodeling of ribonucleoprotein
(RNP) complexes during a variety of RNA processing reactions
(Linder and Jankowsky, 2011), and they are among the list of
known piRNA biogenesis factors (Figure S1A available online).
Among these, we focused our attention on the DEAD box RNA
helicase Vasa, as it is the only factor with a conserved role in sec-
ondary biogenesis in both flies and mice (Kuramochi-Miyagawa
et al., 2010; Malone et al., 2009). vasa was originally identified
as a maternal-effect gene that is required for development of
the female germline in Drosophila (Lasko and Ashburner, 1988;
Schupbach and Wieschaus, 1986). Like other members of the
DEAD box family, Vasa is demonstrated to have ATPase, RNA
binding, and RNA unwinding activities (Liang et al., 1994; Sen-
goku et al., 2006), but its molecular role in the piRNA pathway
is not known.
Here, we explored the in vivo function of Vasa using the insect
ovarian cell culture model Bombyx mori BmN4 (Kawaoka et al.,
2009). RNA helicases like Vasa are ATP-gated RNA-binding pro-
teins that engage in dynamic associations. We used a point mu-
tation (DQAD) within the DEAD box of Vasa to prevent release of
ATP hydrolysis products, locking the protein onto its bound RNA
targets and reducing its in vivo dynamics. Surprisingly, this also
trapped a piRNA amplification complex that provides detailed
insight into how endonucleolytic cleavage during transposon
silencing is linked to generation of a new secondary piRNA.
This transiently assembled complex, which we named Amplifier,
includes Vasa, the two ping-pong Piwi partners, and the tudor
protein Qin/Kumo. Biochemical and structural data reveal that
RNA clamping on transposon transcripts by Vasa creates a
binding platform for Amplifier components at the surface of
Vasa’s helicase domain, which is in its ATP-bound, closed
conformation. ATP hydrolysis by Vasa opens the helicase do-
mains, resulting in Amplifier disassembly and safe handover of
sliced 50 processed precursors between Piwi proteins for further
maturation into piRNAs. Genetic experiments in flies underscore
the importance of this ATP-controlled process for fertility. Our
results provide detailed mechanistic insight into how transposon
cleavage fragments are utilized for generating new piRNAs that
preserve genome integrity in the germline.
RESULTS
Comprehensive Transcriptome of the BmN4 Cell Line
The Bombyx mori (silkworm) ovary-derived BmN4 cell line is the
only cell culture model for piRNA research that has an active
ping-pong cycle in operation. These cells express two Piwi pro-
teins—Siwi (Aub ortholog in Bombyx) and Ago3—that associate
with piRNAs bearing sequence signatures consistent with sec-
ondary piRNA biogenesis (Kawaoka et al., 2009). To facilitate
studies with this cell line, we cataloged the entire set of piRNA
pathway factors in BmN4 using de novo assembly of tran-
scriptome sequencing data (Figure S1A). When compared to
Drosophila, several of the factors essential for both primary
and secondary biogenesis (including Vasa) are conserved.
However, notable absences include that of the effector protein
Squash and nuclear factors like Rhino, Cutoff, and Deadlock,
which are needed for piRNA biogenesis from dual-strand
(ping-pong) clusters (Chen et al., 2007; Czech et al., 2013; Klat-
tenhoff et al., 2009; Pane et al., 2007) (Figure S1A). The absence
of the latter is likely due to the euchromatic nature of piRNA clus-
ters in BmN4 (Kawaoka et al., 2013), precluding the need for
these factors, as they serve to accessDrosophila piRNA clusters
that are embedded in constitutive heterochromatin (Brennecke
et al., 2007; Klattenhoff et al., 2009). We also did not find any
evidence for the existence of a nuclear Piwi pathway in these
cells. Overall, these findings reveal that a unique selection of
biogenesis factors fuels the ping-pong cycle in BmN4 cells.
ADEAD BoxMutation Reduces In Vivo Dynamics of Vasa
Our initial attempt at understanding Bombyx mori Vasa’s role
in the piRNA pathway consisted of characterizing isolated com-
plexes from transfected BmN4 cells. However, these failed to
reveal any interaction with core piRNA pathway components
(see below). DEAD box RNA helicases like Vasa are known to
mediate dynamic associations as part ofmultiprotein assemblies
in vivo (Linder and Jankowsky, 2011), which might be hard to
detect in biochemical experiments due to their transient nature.
This prompted us to examine the dynamics of the proteins
involved in the ping-pong cycle by live-cell imaging experiments
rather than by looking at a steady-state situation.
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Figure 1. DQAD Mutation in the DEAD Box of Vasa Reduces Its In Vivo Dynamics
(A) BmN4 cells expressing fluorescently tagged Vasa, VasaDQAD, or Ago3 display abundant cytoplasmic granules, and these were tracked by live-cell imaging.
Start and end of tracking is highlighted with a red and blue dot, respectively. Analysis indicates a random, nonlinear movement of these granules, which is
unaffected by the DQAD mutation in Vasa.
(legend continued on next page)
1700 Cell 157, 1698–1711, June 19, 2014 ª2014 Elsevier Inc.
118
Transiently expressed EGFP-Vasa and mCherry-Ago3 coloc-
alize in numerous perinuclear cytoplasmic granules in BmN4
cells. These are analogous to the electron-dense granules called
nuage observed in Drosophila ovarian nurse cells, which are
credited to be piRNA processing centers (Liang et al., 1994;
Lim and Kai, 2007). Cell tracking experiments now reveal that,
far from being static structures, these display random, nonlinear
movements (Figure 1A and Movie S1). More frequently, granules
meet to fuse briefly before dissociating, whereas occasionally
smaller granules fuse into larger structures. To evaluate the dy-
namics of the proteins within the nuage, we carried out fluores-
cence recovery after photobleaching (FRAP) experiments (Movie
S2). The measured halftime of fluorescence recovery rates for
EGFP-Vasa (5.89 ± 0.44 s) (Figures 1C and 1E) and EGFP-
Ago3 (3.01 ± 0.37 s) (Figures 1D, S1B, and S1C) suggest a rapid
transit of the proteins through the granules. Thus, any interac-
tions mediated by them within the nuage should be short lived.
Because most activities of RNA helicases are linked to their
consumption of ATP (Linder and Jankowsky, 2011), we exam-
ined whether abolishing ATPase activity might interfere with
the dynamics of Vasa. The DEAD box family is characterized
by the presence of a number of sequence motifs within the heli-
case module (Caruthers and McKay, 2002), prominent among
them being the motif II (Asp-Glu-Ala-Asp; D-E-A-D). A single
amino acidmutationwithin thismotif (DEAD/DQAD) (Figure 1B)
is shown to abolish ATPase activity in other family members
(Pause and Sonenberg, 1992). We created a similar mutation
within Vasa and expressed its EGFP-tagged version in BmN4
cells. A first indication of an impact of themutationwas the accu-
mulation of EGFP-VasaDQAD in granules that are slightly larger
than those formed by EGFP-Vasa (Figures 1E, 2F, and 2G).
Nevertheless, tracking experiments did not reveal any impact
of the mutation on the random mobility of the granules (Fig-
ure 1A). Strikingly, FRAP experiments showed that fluorescence
in VasaDQAD granules failed to recover, irrespective of the size of
the granule examined (Figures 1C and 1E). This is likely to be a
consequence of the protein becoming trapped in the granule,
preventing further ingress from the surrounding cytoplasm
(Movies S3–S5). Thus, an emerging picture is one of highly dy-
namic events orchestrated within the nuage, which wemanaged
to dampen as a result of the DQAD mutation within Vasa.
Vasa Is Part of a Transient piRNA Amplifier Complex
The retention of VasaDQAD in enlarged nuage prompted us to ask
whether the point mutant might be accumulating in certain com-
plexes in vivo. To this end, we isolated HA-Vasa or HA-VasaDQAD
complexes and identified components by mass spectrometry.
The protein arginine methyltransferase 5 (Prmt5 or Capsuleen
in Drosophila) is common to both complexes, and this is
explained by the presence of 20 arginine residues at the N termi-
nus of Bombyx Vasa (Figure 2A). Such arginine residues in
Drosophila Vasa are shown to be targets of Prmt5 for symmetri-
cal dimethyl arginine (sDMA) modifications (Kirino et al., 2010).
Interestingly, HA- and FLAG-VasaDQAD complexes contained
a number of additional factors not present in wild-type Vasa im-
munoprecipitations (Figures 2A and S2A). In particular, the two
most abundant hits among VasaDQAD interactors are the endog-
enous ping-pong Piwi partners Siwi (the Bombyx ortholog of
Aub) and Ago3, which we confirmed by western blot analysis
(Figure 2B). Furthermore, tandem immunopurification of FLAG-
VasaDQAD followed by anti-Siwi immunoprecipitation reveals
that all three proteins are part of the same entity (Figure 2C).
Because the DQAD mutation in Vasa is predicted to prevent
ATP hydrolysis, association with Piwi proteins is likely to be
favored when Vasa is in its ATP-bound state. To confirm this,
we created a mutation in the motif I (GKT/ GNT) of the helicase
domain that is predicted to prevent ATP binding (Figure 1B).
Supporting the requirement for bound ATP, the VasaGNT mutant
did not reveal any association with endogenous Piwi proteins
(Figure 2B). The Tudor domain-containing protein Qin/Kumo, a
factor essential for the ping-pong cycle (Anand and Kai, 2012;
Zhang et al., 2011), was also identified in the VasaDQAD purifica-
tions (Figure 2A). We confirmed this result by western analysis
using rabbit polyclonal antibodies to the endogenous Qin/
Kumo expressed in BmN4 cells (Figures 2D and S2B). Because
all of the validated components are involved in piRNA ampli-
fication, we called this Vasa-Siwi-Ago3-Qin/Kumo complex
Amplifier.
Arginine methylation of Piwi proteins is shown to act as
an affinity enhancer for mediating protein-protein interactions
(Mathioudakis et al., 2012), so we wondered whether Vasa
methylation plays any role in Amplifier assembly. Pointing to
the absence of such a role, whenwemutated all of theN-terminal
arginines (to lysines; R/K) in VasaDQAD, the interaction with
the Amplifier components was still maintained, as examined
by mass spectrometry and western blot analysis (Figures 2A
and 2E). In contrast, recovery of Prmt5 was abolished in both
Bombyx VasaR-K and VasaDQAD(R-K) purifications (Figure 2A).
We propose that the Amplifier complex is assembled on wild-
type Vasa, but its transient nature prevents its detection
(Figure S2C). However, the DQAD mutation in Vasa freezes this
complex by preventing its disassembly, thereby allowing its
identification.
Amplifier Assembly Takes Place within the Nuage
In BmN4 cells, Vasa and Ago3 are nuage residents, while the
vast majority of Siwi is present diffused in the cytoplasm (Xiol
et al., 2012). To examine where in the cell they might transiently
associate, cells expressing HA-tagged Vasa proteins were coun-
terstained for endogenous Amplifier components using specific
(B) Sequence alignment of DEAD box helicases showing critical residues for ATP binding (motif I) and ATP hydrolysis (motif II). Point mutations within Bombyx
Vasa used in this study are indicated in the cartoon.
(C) Recovery of fluorescence after photo bleaching (FRAP) of EGFP-Vasa or EGFP-VasaDQAD granules is indicated as a function of time (in seconds, s).
(D) Recovery times for EGFP-Ago3.
(E) Time series snapshots (time in seconds, s) focusing on the granules in the cytoplasm fromFRAP experiments conductedwith BmN4 cells expressing indicated
fluorescently labeled proteins. The bleached granule is indicated with a red circle. Note that VasaDQAD granules are generally larger but show a range of sizes, with
the middle panel showing a granule where the laser photobleaches the center of the granule.
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Figure 2. A Transient piRNA Amplifier Complex Containing Vasa Is Assembled in the Nuage
(A) Mass spectrometry analyses of indicated tagged protein complexes isolated from transiently transfected BmN4 cells. Note that Prmt5/Capsuleen is common
to both Vasa and VasaDQAD, though the latter has a unique set of factors (see Figure S2A for a complete list), including ping-pong Piwi proteins and Qin/Kumo,
which were validated by western blotting analyses. A ratio of spectral counts in the sample versus beads control is indicated.
(B) Immunoprecipitation and western blot analysis confirming specific association of endogenous Piwi proteins Siwi and Ago3 with HA-VasaDQAD.
(C) Tandem affinity purification showing presence of VasaDQAD and the ping-pong Piwi partners in the same complex.
(D) Western blot analysis showing specific association of endogenous Qin/Kumo with HA-VasaDQAD.
(E) Mutation of 20 N-terminal arginines to lysines (R–K) in VasaDQAD does not affect Amplifier assembly but abolishes recovery of Capsuleen (see A).
(F–H) Accumulation of VasaDQAD in large nuage in BmN4 cells that are also enriched in endogenous Amplifier components like Ago3 (F), Qin/Kumo (G),
and Siwi (H). Note that, in untransfected cells lacking HA-VasaDQAD (white arrow in H), Siwi remains dispersed in the cytoplasm. Scale bars (in mm) are
indicated.
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antibodies. We find that, like endogenous Ago3 (Figure 2F), Qin/
Kumo (Figure 2G) also accumulates in cytoplasmic granules
that also contained HA-Vasa, whereas Siwi is spread out in the
cytoplasm (Figure 2H). Interestingly, examination of the endoge-
nous proteins in cells expressing HA-VasaDQAD shows that the
enlarged nuages formed by VasaDQAD also contained a higher
enrichment of Ago3 and Qin/Kumo (Figures 2F, 2G, and S2D).
Furthermore, cytoplasmic Siwi was now concentrated in these
perinuclear granules. The redistribution of Siwi from the cyto-
plasm to the granules is striking, given the almost complete
absence of Siwi granules in untransfected or HA-Vasa-express-
ing cells (Figures 2H, S2E, and S2F). The above experiments
suggest that all of the factors enter the nuage from the surround-
ing cytoplasm to assemble the Amplifier and then exit after
execution of their functions (Figure S2G). Nevertheless, we
cannot rule out the possibility that complex assembly may
already take place in the cytoplasm, but its eventual disassembly
(which is blocked by the DQADmutation in Vasa) definitely takes
place within the nuage.
Amplifier Contains Antisense piRNAs and Sense
Transposon Targets
Given the presence of Piwi proteins in the Amplifier complex and
to get an insight into its function within the nuage, we examined
the presence of small RNAs in VasaDQAD complexes. To this end,
we immunoprecipitated HA-tagged Vasa complexes fromBmN4
cells and revealed the presence of small RNAs by 50 end labeling
and 20% polyacrylamide gel electrophoresis (PAGE). Small
RNAs consistent with the length of piRNAs (30 nt) are observed
in VasaDQAD purification, but not in Vasa and VasaGNT complexes
(Figure 3A). As previously shown for Piwi proteins (Figures 2A
and 2E), small RNA association with VasaDQAD is also indepen-
dent of Vasa arginine methylation (Figure S3A). Surprisingly,
another smeary RNA species of 12 nt was also abundantly
detected in VasaDQAD complexes (Figures 3A and 3B).
To uncover the identity of the short RNAs, we subjected
them to deep sequencing (Figure 3B). The30-mer RNA species
(duplicate libraries) have a read-length profile (peak at 27 nt)
similar to that reported for Bombyx piRNAs (Figure S3B). They
also display the characteristic nucleotide biases seen in piRNAs,
such as preference for a uridine at the 50 end (1U-bias, 85%)
and presence of an adenosine at position 10 (A10-bias, 40%)
(Figure S3C). Based on comparison to available Siwi and Ago3
piRNA libraries (Xiol et al., 2012),75%of the reads in the Ampli-
fier complex can be classified as piRNAs (hereafter referred to
as Amplifier-piRNAs) (Figure 3C). Next, we wished to ascertain
whether these piRNAs represent those bound to Siwi or Ago3,
as this could help in determining the position of Amplifier within
the ping-pong cycle. This task is complicated by the fact that
the bulk of the reads is shared between Siwi and Ago3 libraries
when only sequence identity is considered. However, when their
relative abundance (see Extended Experimental Procedures) in a
particular library is also accounted for, the reads can be sorted
as belonging to either Siwi or Ago3. Based on this calculation,
piRNAs from Siwi accounted for the majority in the Amplifier-
piRNA pool (75%) (Figure 3C). This is also evident when the
reads are aligned on transposon consensus sequences. Ampli-
fier-piRNA reads have a predominant antisense bias very much
like Siwi piRNAs, whereas those in Ago3map to the sense strand
(Figure 3D-E). Thus, Amplifier contains essentially Siwi-bound
antisense piRNAs (Figure 3F).
Next, we prepared two independent deep-sequencing li-
braries for the abundantly present 12-mer species (median size
of 12 nt) (Figure 3B). Mapping short reads like 12-mers can
give multiple genomic hits, preventing unambiguous annotation.
Therefore, we confined our search to transposon consensus
sequences, allowing only perfect matches. Strikingly, the 12-
mer reads predominantly mapped to the sense strand of the
transposons (Figure 3E). This opposing polarity with Amplifier-
piRNAs (that map to the antisense strand) is maintained over
several Bombyx transposon sequences (Figure 3F). The short
size of the 12-mers and their smeary nature suggests that these
might be in vivo RNA footprints left by Vasa on bound transposon
transcripts after degradation by cellular nucleases. In agreement
with this, a recombinant preparation of VasaDQAD containing only
the helicase core domain generates footprints (6–10 nt) on a
radioactively labeled RNA in vitro (Figure 3G). We conclude
that the 12-mers are unlikely to be intermediates of the piRNA
biogenesis process but might rather reflect the entire repertoire
of RNA-binding sites of Vasa (Figures S3D–S3F and see discus-
sion in Extended Experimental Procedures). To examine the
presence of piRNA precursors within Vasa-bound transcripts,
we extracted longer RNAs present in Amplifier complexes and
prepared a strand-specific RNAseq library (fragment size of
200 nt). Comparison to the total polyA+ transcriptome from
BmN4 cells reveals an enrichment of transposon sequences
(Figure 3H). Mapping to transposon consensus reveals these
to be predominantly sense-oriented sequences (Figure 3I).
The ping-pong model predicts that the Piwi protein with
antisense piRNAs (Siwi in BmN4 cells) facilitates biogenesis of
sense-orientedAgo3-boundpiRNAs from transposon transcripts
(Brennecke et al., 2007). We found that Vasa gathers both Siwi
and Ago3 in the nuage to assemble Amplifier, which contains
mainly Siwi-bound antisense piRNAs and their target sense
transposon transcripts. Considered together, the above results
strongly suggest that Amplifier is the biochemical platform for
generation of Ago3-bound secondary piRNAs from sense trans-
poson precursors. Consistent with a role for RNA in complex
formation, retention of both Siwi and Ago3 in the complex is sen-
sitive to RNase treatment. However, Siwi was the most affected
(Figures 3J and S3G), hinting to a requirement for piRNA-medi-
ated base-pairing to the target for its inclusion in the complex.
Amplifier Complex Contains 50 Processed piRNA
Intermediates
There could be two potential roles for Vasa within the Amplifier
complex. Vasa might regulate slicer activity of Siwi so that it oc-
curs only after the two ping-pong partners are brought together.
This should ensure safe transfer of the sliced precursor fragment,
i.e, the secondary piRNA intermediate, from Siwi to Ago3. Alter-
natively, slicing by Siwi may have already taken place, but trans-
fer of the intermediate to Ago3 requires Vasa to complete ATP
hydrolysis.
Because the repeat-rich nature of endogenous piRNAs pre-
vents unambiguous determination of intermediates, we created
an artificial secondary piRNA precursor. We identified 14 highly
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Figure 3. Amplifier Contains Siwi-Bound Antisense piRNAs and Sense Transposon Transcripts
(A) Association of VasaDQADwith short RNAs in BmN4 cells. The two prominent small RNA species—30-mer RNAs and12-mer Vasa footprints—are identified.
(B) Read-length distribution of indicated RNAs.
(C) Overlap of30-mer RNAswith known piRNA libraries identifies75%of the reads as piRNAs (Amplifier-piRNAs). Sorting of piRNAs as those associating with
the two Piwi proteins using sequence identity and enrichment filters (see Extended Experimental Procedures). The majority of the Amplifier-piRNAs are those
associated with Siwi.
(D) Mapping of reads from indicated Piwi libraries on a transposon consensus sequence. Note the opposing polarity of Siwi- and Ago3-associated reads.
(E) Mapping of reads on two transposon consensus sequences. Note the opposing polarity of Amplifier-piRNAs and Vasa footprints.
(F) Heatmap showing strand bias of reads fromSiwi, Ago3, Vasa-footprints, and Amplifier-piRNAs on 34Bombyx transposon consensus sequences. Ago3-bound
16-mer refers to byproducts originating from Siwi piRNA precursors and has same strand orientation as Siwi piRNAs (Xiol et al., 2012).
(G) In vitro footprint generated by recombinant core helicase domain of VasaDQAD on a radioactively labeled RNA probe.
(H) Enrichment of transposon sequences within Amplifier (VasaDQAD-IP) complexes when compared to the general PolyA+ transcriptome of BmN4 cells.
(I) The Amplifier-bound (VasaDQAD-IP) transposon reads are mainly mapping to the sense strand of the indicated transposon consensus sequence.
(J) Presence of Piwi proteins in Amplifier (VasaDQAD) complexes is sensitive to RNase treatment. Note that Siwi is more sensitive to the treatment than Ago3.
See also Figure S3G.
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abundant Siwi piRNAs and placed perfectly complementary
binding sites for these (spaced by 50 nt) in the context of a
noncoding (all ATGs removed) green fluorescent protein (GFP)
sequence (Figure 4A) and expressed it in BmN4 cells. We then
monitored the presence of reporter-derived piRNAs in endo-
genous Siwi and Ago3 complexes by deep sequencing (two
independent libraries for each protein) (Figure S4A).
Mapping of reads (perfect match only) to the reporter
sequence indicates the expected presence of antisense piRNAs
in Siwi, and these are complementary to the inserted binding
sequences (Figure 4A). Such antisense reads are also found
in Ago3 libraries (Figure S4B) but with fewer read counts, again
highlighting the difficulty of accurately assigning endogenous
repeat piRNAs to distinct ping-pong partners. Significantly, re-
porter-derived (sense) piRNA sequences are found exclusively
in the Ago3 libraries (Figure 4B). Such reads are nonrandomly
distributed on the sense strand and map at specific sites across
from the complementary Siwi piRNAs. Confirming their origin
from Siwi-guided slicing of the reporter, the 50 ends of sense re-
porter reads in Ago3 display an overlap of 10 nt with that of the
complementary Siwi piRNAs (Figure 4C). The sense reads thus
generated are truly artificial secondary piRNAs, as it is a chimera
between Bombyx repeat sequence (1–10 nt) and the GFP back-
bone (11–26 nt) (Figure 4D). Thus, the reporter is a genuine
precursor for Siwi-guided biogenesis of secondary piRNAs
associating with Ago3. To examine the presence of the reporter
within the Amplifier complex, we coexpressed the reporter and
HA-tagged Vasa proteins in BmN4 cells. After anti-HA purifica-
tions, we examined the presence of the reporter sequence by
RT-PCR analysis (Figure 4E). The reporter was easily detected
in HA-VasaDQAD complexes, but not in HA-Vasa purifications,
again reflecting the dynamic nature of the process (Figure 4F).
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Figure 4. Amplifier Contains 50 Processed
Secondary piRNA Intermediates
(A) Design of the artificial secondary piRNA pre-
cursor. The noncoding green fluorescent protein
(GFP) sequence has perfectly complementary
binding sites for 14 piRNAs abundantly present in
endogenous Siwi complexes in BmN4 cells. De-
tails of three such targeting sites and placement
of reverse-transcription primers used for RACE
experiments (RACE-RT primer) are shown. Shown
below is a density plot (reads per million, rpm) of
Siwi-bound piRNAs complementary to the artifi-
cial precursor. The shaded regions indicate the
Siwi-piRNA-binding sites on the reporter.
(B) Endogenous Piwi proteins (Siwi and Ago3)
were isolated from BmN4 cells expressing the
reporter and presence of reporter-derived se-
quences (sense; shown in red) examined. Re-
porter-derived piRNAs are specifically sorted into
endogenous Ago3 complexes, but not Siwi.
(C) The reporter-derived Ago3-bound piRNAs
have their 50 ends overlapping exactly by 10 nt
with that of Siwi-bound antisense piRNAs, indi-
cating their origin from Siwi slicing of the reporter.
(D) Reporter-dervied piRNAs are truly artificial, as
they are chimeric with 10 nt of Bombyx repeat
sequence (in black) and 16 nt of GFP sequence
(in green).
(E) Experimental setup to assay for presence
of reporter RNA (by RT-PCR) or of piRNA inter-
mediate (by 50-RACE) in Vasa complexes or total
cellular RNAs.
(F) Detection of reporter RNA or piRNA interme-
diate (50-RACE product). Control reactions carried
out without added reverse transcriptase is also
shown.
(G) Sanger sequencing of 50 RACE products,
revealing their 50 ends (marked with an arrowhead)
to be exactly the same as those of mature re-
porter-derived Ago3-bound piRNAs (for example,
in 28 of 28 sequenced clones for first target site).
The sequence highlighted in red is the 50 adaptor
used for cloning RACE products. The relevant
portion of the reporter sequence is shown below.
(H) Mapping of Vasa footprints on reporter.
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Next, we examined the presence of secondary piRNA
processing intermediates within the Amplifier complex. Slicer
cleavage by Argonautes like Siwi is expected to generate two
fragments: one with a 50 monophosphate and another carrying
a 30 hydroxyl (OH) group at the site of cleavage (Meister, 2013).
The former (piRNA intermediate) is utilized to generate a second-
ary piRNA, whereas the latter is discarded. Taking advantage
of the presence of a 50 phosphate on the piRNA intermediate
fragment, we attempted 50 RACE experiments to detect these
(Figures 4A and S4C). This revealed the specific presence of
RACE products only in RNA isolated from the VasaDQAD complex
(Figure 4F). Significantly, Sanger sequencing revealed that 100%
of the 50 RACE products (28 out of 28 sequenced clones for first
target site) contain 50 ends that are generated by Siwi slicer
cleavage and match precisely to that of mature Ago3-bound re-
porter-derived piRNAs (Figure 4G). This strongly suggests that
Amplifier contains piRNA intermediates with an already defined
50 end that are awaiting further 30 processing after loading into
Ago3. Identical results were obtained in RACE experiments
that were carried out for detection of another intermediate (at
target site 4) (Figure 4G) in independent transfection experi-
ments. Interestingly, 50 processed piRNA intermediates (RACE
products) are also detected in total RNA from cells expressing
HA-VasaDQAD, but not from those expressing HA-Vasa (Fig-
ure 4F), even though they are a necessary intermediate for pro-
ducing mature secondary piRNAs found in Ago3 (Figure 4B).
This is likely explained by the fact that, in the latter situation,
piRNA intermediates are transferred to Ago3 and are rapidly pro-
cessed, whereas in the case of cells expressing HA-VasaDQAD,
these are trapped in the Amplifier complex, allowing its efficient
detection even in total cellular RNAs. Finally, mapping of the
Vasa footprints on the reporter sequence reveals peaks that
cluster around the ping-pong sites (Figures 4H and S4D). This
indicates that Vasa physically binds to the secondary piRNA
intermediate for safely transferring it to Ago3 for maturation.
Thus, although target slicing by Siwi has already taken place in
the snapshot of Amplifier that we have frozen, handover of the
cleavage fragment to Ago3 and maturation of the fragment
as a new secondary piRNA fail to occur in the absence of ATP
hydrolysis/disassembly of the complex by Vasa.
The DQAD Mutation in Vasa Prevents Release of ATP
Hydrolysis Products
Our cell culture experiments point to an important role for Vasa’s
ATPase cycle in regulating Amplifier assembly, as we were able
to trap this complex only by using a mutation that is predicted
to abolish its ATPase activity. We therefore took an in vitro
approach to gain molecular insight into this process. We pre-
pared recombinant versions of Bombyx Vasa containing only
the helicase core domain (135–564 aa) (Figure S5A). As expected
from studies of other DEAD box helicases (Pause and Sonen-
berg, 1992), the VasaGNT mutant failed to bind ATP, whereas
both Vasa and VasaDQAD showed binding in an UV crosslinking
assay (Figure 5A). We note that VasaDQAD consistently gave
stronger signals in the ATP-binding assays. Vasa and VasaDQAD
also displayed ATP-stimulated binding activity to a poly-U RNA
(Figure S5B). The DQADmutation in eIF4A, a prototypic member
of the DEAD box helicase family, is reported to abolish its
ATPase activity (Pause and Sonenberg, 1992), so we were
surprised to find that VasaDQAD still retained catalytic activity,
as assayed in our low-substrate conditions (Figure 5B). We
conclude that VasaDQAD behaves very much like the wild-type
protein in the in vitro experiments, leaving us with no explanation
for the observed in vivo effects. This prompted us to take a closer
look at the helicase core by X-ray crystallography (Figure S5C
and Extended Experimental Procedures).
We were able to determine the structure of Bombyx VasaDQAD
helicase core domain in complex with a 6 nt RNA and ATP at
2.1 Å resolution. The structure of the wild-type version of the
Drosophila ortholog had been previously determined in the pres-
ence of a nonhydrolyzable ATP analog AMPPNP (Sengoku et al.,
2006), likely reflecting the need to freeze the protein in an ATP-
bound state in order to perform crystallographic studies. The
BmVasaDQAD-RNA-ATP structure revealed the two RecA-like do-
mains in a closed conformation, with the ATP-binding site created
in the cleft between them. The characteristically bent RNA con-
tactsboth theRecA-likedomains and isheld in apositionopposite
to the ATP-binding pocket (Figure 5C). The overall architecture
is similar to that found in wild-type Drosophila Vasa (Figure S5D)
(Sengoku et al., 2006), and our second Bombyx VasaDQAD
structure with AMPPNP shows that the catalytic water is correctly
positioned prior to ATP hydrolysis (Figures S5E and S5F).
Surprisingly, in the structure obtained from crystals containing
added ATP, the ligand was hydrolyzed and the products (ADP
and g-phosphate [Pi]) were retained in the protein (Figures 5C
and S5G). ATP hydrolysis products are normally released from
ATPases and are not observable within RNA helicases, as they
promote recycling of the enzyme (Liu et al., 2008). Our structure
now provides the basis for retention of the hydrolysis products
within VasaDQAD. First, the mutation (E339Q) converts the nega-
tively charged side chain of glutamate (E) to a neutral charge in
glutamine (Q), removing a repulsive force that would normally
be used to eject the negatively charged g-phosphate. Second,
the free phosphate is held in place by hydrogen bonding with a
number of residues, with the mutated residue Q339 in VasaDQAD
providing an additional interaction that is not available in the
native context (Sengoku et al., 2006) (Figure 5C). Failure to
release hydrolysis products can prevent turnover of the enzyme
(Liu et al., 2008), perhaps explaining the increased crosslinking
of ATP to the protein (Figure 5A) and reduced ATPase activity
under high substrate concentrations (Figure S5H). Thus, we
conclude that VasaDQAD is a product-release-trap mutant.
ATP-Gated RNA Clamping by Vasa Allows Amplifier
Assembly on Its Helicase Core Domain
Next, we asked how failure to release ATP hydrolysis products
by Vasa contributes to the observed in vivo effects in BmN4
cells. DEAD box helicases are ATP-gated RNA-binding proteins;
ATP binding promotes the closed conformation of the two RecA-
like domains, and this translates into a tight binding to the RNA,
whereas ATP hydrolysis releases this grip (Linder and Jankow-
sky, 2011). The fact that RNA intermediates of the ping-pong
cycle are detected in Amplifier (Figure 4F) prompted us to look
at the dynamics of RNA binding by Vasa. We used surface plas-
mon resonance (SPR) experiments to monitor the dynamics
of Vasa affinity for single-stranded RNA in the presence of ATP
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(Figure 5D). Both Vasa and VasaDQAD bound RNA with rather
similar kinetics (Kon). However, the off rate for Vasa
DQAD (Koff =
0.14 s1) was 40-fold lower than that of Vasa wild-type (Koff =
4.17 s1), indicating very tight binding to RNA. This indicates
that the inability to release ATP hydrolysis products and
the consequential enforcement of the closed conformation of
VasaDQAD traps it on bound RNAs, which we identified as sense
piRNA precursors (Figure 3H). Interestingly, our biochemical
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Figure 5. The ATP-Bound Closed Conformation of Vasa’s Core Helicase Domain Provides a Platform for Amplifier Assembly
(A) UV crosslinking assay to detect ATP binding with recombinant Bombyx Vasa helicase domains carrying the indicated mutations. Bovine serum albumin (BSA)
serves as a negative control. Reactions were carried out in the presence (+) or absence () of unlabeled (cold) poly-U RNA.
(B) ATP hydrolysis assays to reveal generation of inorganic phosphate (Pi). Low substrate; indicates that reactions contained only radioactive 32P-g-ATP, without
added cold ATP. See also Figure S5H.
(C) Crystal structure of Bombyx mori (Bm) VasaDQAD-RNA-ADP-Pi complex. The two recA-like domains (blue and red) of the helicase module are represented as
ribbons, whereas RNA and ATP are indicated as ball-and-sticks. ATP added during crystallization with BmVasaDQAD becomes hydrolyzed into ADP and Pi.
Interaction with glutamine (Q339) traps Pi in the protein, creating a product-release mutant. Magnesium ion (Mg2+) (blue ball) and water molecules (red balls) are
indicated.
(D) Surface plasmon resonance (SPR) experiments indicate that both proteins have similar RNA-binding kinetics (kon), but Vasa
DQAD shows drastically slower off
rates (koff). Interactions were examined at different protein concentrations (different line colors), and binding to RNA is reported in arbitrary response units (RU) as
a function of time (in seconds, s).
(E) Deletion constructs of HA-VasaDQAD were transfected into BmN4 cells and association of endogenous Piwi proteins examined by western blotting.
(F) A model showing consequence of DQAD mutation for DEAD box proteins. The mutation traps helicases in the closed conformation, freezing bound RNA and
protein complexes.
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experiments (Figures 2A–2E) in BmN4 cells suggest that such
an ATP-bound and RNA-clamped state of Vasa also provides
a binding platform for Amplifier assembly.
Vasa has a rather simple architecture with an N-terminal
arginine-rich region (R-rich domain), followed by the canonical
DEAD box helicase core domain (Figure 1B). To understand
how Vasa canmediate Amplifier assembly, we prepared deletion
constructs and examined their ability to support association with
other factors in vivo. Transiently expressed deletion constructs
were purified by anti-HA immunoprecipitations and probed
with antibodies to detect endogenous Piwi proteins. Deletion
of the R-rich domain (1–134 aa) did not affect association with
Siwi and Ago3 (Figure 5E). This adds to our observation that
N-terminal arginines in Vasa are not required for mediating
complex formation (Figures 2A and 2E). Remarkably, a construct
having only the helicase core domain was capable of associ-
ating with Siwi and Ago3 (Figure 5E), indicating that Amplifier is
assembled on the surface of the helicase core of Vasa. We pro-
pose that the binding interface for Amplifier components is
created only when the helicase domain is in a closed conforma-
tion and, consequently, only when Vasa is bound to its target
RNAs (Figure 5F). Subsequent ATP hydrolysis would promote
release of the RNA and would result in an open conformation
of the helicase domain, disrupting the protein interaction surface
and leading to complex disassembly.
ATP Hydrolysis by Vasa Is Essential for Fertility in the
Drosophila Female Germline
Impaired piRNA pathway leads to infertility in all animal models,
including in Drosophila vasa (vas) mutants (Malone et al., 2009).
Because the DQAD mutation within Bombyx Vasa prevents
Amplifier disassembly, we wished to examine whether such a
mutation within Drosophila Vasa might have a functional conse-
quence for fly fertility. We expressed Drosophila Vasa trans-
genes (GFP-Vas or GFP-VasDQAD) in wild-type Drosophila
ovaries (Figure S6A). Whereas GFP-Vas localized as a perinu-
clear ring to the nuage of nurse cells (Lasko and Ashburner,
1988), GFP-VasDQAD protein appeared to form distinct foci that
are removed from the perinuclear location (Figure 6A). These
are reminiscent of enlarged granules observed in BmN4 cells
(Figures 1E, 2F, and 2G). Next, we expressed the transgenes
in the vasPD/vasD1 mutant background (these mutants lay eggs
that fail to hatch) (Lasko and Ashburner, 1988). When GFP-
Vas is expressed in the mutant background, it complements
infertility (Figures 6B, S6A, and S6B). The rescued embryos
showed normal segmentation patterns, very similar to those
hatched from eggs laid by wild-type females (Figure 6C). Signif-
icantly, the GFP-VasaDQAD transgene failed to rescue the infer-
tility phenotype of the mutant (Figures 6B and 6C and Extended
Experimental Procedures). These experiments provide strong
genetic evidence for the physiological effect of preventing disas-
sembly of Vasa RNPs in the Drosophila germline.
DISCUSSION
Secondary piRNA biogenesis (the ping-pong cycle) links post-
transcriptional silencing of transposons by Piwi endonucleases
to piRNA biogenesis by converting one of the cleavage frag-
ments into a new secondary piRNA (Brennecke et al., 2007;
Gunawardane et al., 2007). This poses a unique problem, as
A B C
Figure 6. ATP Hydrolysis by Vasa Is Essential for Fertility in Drosophila Females
(A) Fluorescence detection of GFP fusion proteins in transgenic fly ovaries in the wild-type genetic background. GFP-DmVasaDQAD accumulates in granules that
are removed from the regular perinuclear ring-like nuage localization, potentially indicating an impact on the in vivo dynamics of the protein.
(B) Eggs laid by the vasmutant fail to hatch, and this is rescued by a GFP-Vas transgene, but not by the GFP-DmVasaDQAD transgene. Number of eggs hatched is
indicated as a percentage of that seen in the wild-type. The partial rescue (16%) is explained by the fact that the transgenes are expressed from a nonnative
promoter.
(C) Cuticle staining of such hatched embryos shows the segmentation pattern expected of normal development (in wild-type and vas mutants complemented
with GFP-Vas).
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endonucleolytic cleavage of a target RNA by an Argonaute
normally results in complete degradation of the two resulting
cleavage fragments in all cell types. Germ cells must therefore
possess an unknown machinery that safely delivers a cleavage
fragment (piRNA intermediate) from one Piwi protein to another
(ping-pong partners), but the molecular basis for this process
is not known. Among the list of over 30 factors that are genet-
ically linked to the piRNA pathway (Figure S1A), we chose to
investigate Vasa, as it is the only factor that is demonstrated
to have a conserved and exclusive role in secondary piRNA
biogenesis in flies and mice (Kuramochi-Miyagawa et al.,
2010; Malone et al., 2009). Our investigations reveal that
Vasa functions as an RNA clamp to coordinate the assembly
of a piRNA Amplifier complex on transposon transcripts. Within
this protected environment, ATP hydrolysis by Vasa promotes
safe handover of sliced piRNA intermediates between ping-
pong partners.
Our results allow us to propose a step-by-step biochemical
model for the Ping-pong cycle operating in BmN4 cells (Figure 7).
Transposon silencing is initiated by cytoplasmic scanning
of transposon transcripts by antisense primary piRNAs loaded
into Siwi. This is closely followed by deposition of Vasa on the
transcript and by assembly of the Amplifier by the joining of
Qin/Kumo and Ago3 within the nuage. Amplifier assembly is
linked to a conformational change in the core helicase domain
of Vasa as it transitions from an ATP-unbound open state to
the ATP- and RNA-bound closed state, such that the latter
provides an interaction platform for the different components.
Interestingly, Qin is already reported to facilitate heterotypic
ping-pong between Aub (Siwi ortholog in Drosophila) and Ago3
by promoting interactions between them in the fly germline
(Anand and Kai, 2012; Zhang et al., 2011). Siwi initiates the
ping-pong cycle by slicing the target RNA to generate two frag-
ments. Following this, the cleavage fragment carrying themature
50 end of a future secondary piRNA (piRNA intermediate) is trans-
ferred fromSiwi to Ago3.We show that ATP hydrolysis by Vasa is
critical for triggering this exchange and subsequent disassembly
of the complex. We propose that the role of Vasa in assembling
Amplifier is to generate a protective environment in which the
ping-pong partners are brought to physical proximity, such
that the cleaved target is not accessible to nucleases and
is instead loaded onto Ago3 upon release from Siwi. Once ac-
quired by Ago3, themature 30 end of the new piRNA is generated
by an unknown 30–50 exonuclease, tentatively called Trimmer
(Kawaoka et al., 2011). Such sense-oriented secondary piRNAs
then guide Ago3 to participate in the feedforward step of the
ping-pong cycle (Brennecke et al., 2007).
Our results provide, for the first time, a biochemical snapshot
of events that take place during the ping-pong cycle. However,
a number of questions still remain. It is not clear how the closed
conformation of Vasa’s helicase core domain can promote
Amplifier assembly. In this context, it is tempting to draw a par-
allel between Vasa’s role and the function of the helicase domain
of the related DEAD box helicase eIF4AIII in nucleating the for-
mation of the exon junction complex (EJC) on spliced mRNAs
(Le Hir et al., 2000). In its ATP-bound closed conformation, the
eIF4AIII core domain clamps on spliced mRNAs to provide
a binding surface for other EJC components Mago, Y14, and
Barentsz (Andersen et al., 2006; Bono et al., 2006). A similar
situation can be envisaged during Amplifier assembly. Also un-
known is whether any control is exercised over Siwi slicer activity
to prevent futile cleavages that do not result in secondary piRNA
production. Because piRNA intermediate exchange and com-
plex disassembly are linked to ATP hydrolysis by Vasa, thismight
also be subject to regulation. It is only logical that target slicing
by Siwi is followed by ATP hydrolysis by Vasa.We can only spec-
ulate that perhaps allosteric interactions between Piwi proteins
and Vasa might link slicing of the target to ATP hydrolysis in
Vasa. Recent genome-wide genetic screens have identified a
number of factors that are implicated in the germline piRNA
pathway in flies (Czech et al., 2013). An examination of our top
hits in the VasaDQAD proteomics analyses (Figure S2A) did not
reveal any overlaps except for the ping-pong Piwi partners and
Qin/Kumo, which we validated in our study.
Figure 7. A Model for Vasa’s Role in the
Ping-Pong Cycle
Recognition of transposon transcripts by Siwi-
bound antisense piRNAs is proposed to result in
recruitment of Vasa. The open conformation of
Vasa’s helicase domain is modeled on the eIF4A
structure (PDB: 1FUU). Vasa binds RNA in its ATP-
bound form, taking up a closed conformation of its
RNA helicase domain. This closed conformation
also provides an assembly platform for Amplifier
components (ping-pong Piwi partners and the
Tudor domain protein Qin/Kumo). After Siwi slicing
of the transposon transcript, the cleavage frag-
ment carrying the 50 monophosphate (piRNA in-
termediate) is transferred to Ago3. ATP hydrolysis
in Vasa triggers this exchange and eventual
disassembly of the Amplifier. Subsequently, the
piRNA intermediate is subject to 30 endmaturation
by a putative exonuclease (Trimmer) to mature as
a new secondary piRNA. Loaded Ago3 then enters
the feedforward step of the ping-pong cycle to
generate more of the Siwi-bound piRNAs.
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The ping-pong model predicts a reciprocal relationship in
which piRNA-guided Siwi facilitates biogenesis of Ago3-bound
piRNAs and vice versa (Brennecke et al., 2007). This means
that there are potentially two distinct complexes mediating
piRNA amplification: one occupying the Siwi-to-Ago3 segment
and another one mediating the Ago3-to-Siwi feedforward step
of the amplification loop. Our data strongly support a role for
Vasa in the former step of the ping-pong cycle, but we cannot
entirely rule out its participation in the latter. It is also possible
that such a role in the feedforward segment might be fulfilled
by other RNA helicases like Spn-E, a factor that is essential for
the ping-pong cycle in flies (Malone et al., 2009), but not in
mice (Shoji et al., 2009), wherein a linear secondary piRNA
biogenesis pathway operates (De Fazio et al., 2011).
The DEAD box family is the largest family of helicases, and
they are found from bacteria to humans, with most of the 26
members in yeast being essential for viability (de la Cruz et al.,
1999). The in vivo RNA targets and RNP complexes of most
DEAD box helicases have not been identified due to their tran-
sient nature. Here, we used a DQAD mutation to trap dynamic
in vivo associations of Vasa. Structures of several DEAD box hel-
icases with bound ATP analogs and RNA are closely related,
indicating that perhaps similar outcomes to those we describe
here can be expected for other family members assembling dy-
namic complexes in various RNA processing pathways.
EXPERIMENTAL PROCEDURES
Clones and Constructs
For expression studies in BmN4 cells, the coding sequence for the full-length
Bombyx mori Vasa (GenBank accession number: NM_001043882.1) or its
deletion versions were cloned into the pBEMBL-HA (Xiol et al., 2012) or
pBEMBL-Myc vectors. Point mutations in the BmVasa helicase domain were
introduced by an overlap PCR strategy: ATP-binding mutant (K230N; GKT/
GNT) or ATP hydrolysis product-trap mutant (E339Q; DEAD/DQAD). The
R/K mutant was created by converting 20 arginine (R) residues to lysines
(K) at the Vasa N terminus (within a region spanning 1–117 aa) using a chem-
ically synthesized DNA fragment. For live-cell imaging studies, the coding
sequence for BmVasa, VasaDQAD, or Ago3 was cloned downstream of an
enhanced green fluorescent protein (EGFP) tag or the red fluorescent protein
variant mCherry in the pBEMBL vector backbone.
Crystallization and Biochemical Procedures
The helicase domain of Bombyx Vasa (135–564 aa) carrying the E339Q
(DEAD/DQAD) mutation was produced in E. coli as a His-tagged fusion.
Purified protein was incubated with a 6-mer (UGACAU) RNA and ATP or
the ATP analog (AMPPNP) at a molar ratio of 1:1.2:1.2 (protein:RNA:ATP/
AMPPNP). A summary of data collection statistics is provided in the Extended
Experimental Procedures as Table S1.
Small RNA Sequencing
RNA libraries were prepared from immunoprecipitated complexes and were
deep sequenced on the Illumina Hi-Seq (50 cycles) or MiSeq platforms
(32 cycles). For long RNAs present in VasaDQAD complexes, a strand-specific
RNA-seq library was prepared and sequenced on an Illumina Hi-Seq platform
(105 cycles). Reads were aligned to the Bombyx genome and were analyzed
using custom pipelines.
Fly Experiments
Drosophila vas mutant stocks were: vasPD (Schupbach and Wieschaus,
1986) and vasD1 (Lehmann and Nüsslein-Volhard, 1991). The vas-deficient
background was achieved by the use of the transheterozygotes (vasPD/
vasD1). Expression of GFP-tagged Drosophila melanogaster Vasa transgenes
(Johnstone and Lasko, 2004) in the fly germline was controlled from
the upstream activating sequence (UAS) using GAL4 driven from a nanos
promoter.
ACCESSION NUMBERS
The PDB accession codes for crystal structures are 4D26 and 4D25.
Deep-sequencing data are deposited with Gene Expression Omnibus (GEO)
(GSE57420).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six
figures, five movies, and two tables and can be found with this article online
at http://dx.doi.org/10.1016/j.cell.2014.05.018.
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Supplemental Information
Figure S1. Components of the BmN4 piRNA Pathway and In Vivo Dynamics, Related to Figure 1
(A) A table showing factors genetically implicated in the piRNA pathway in either flies or mice. Those shown to impact either primary or secondary piRNA
biogenesis in Drosophila or the mouse systems are indicated. Some factors in Drosophila are shown to affect both primary and secondary biogenesis in the
ovarian germline. The orthologs of Drosophila genes detected in the BmN4 cell line transcriptome are shown. Importantly, fly Vasa or the Mouse Vasa Homolog
(Mvh) is the only conserved factor with an exclusive role in secondary biogenesis. Studies inDrosophila allows grouping of some of the other factors into functional
classes as indicated in boxes. Phenotypes of mousemutants are indicated as filled circles: red, male-specific infertility, green, activation of retrotransposons and
black, embryonic lethality.
(B) FRAP experiments reveal that EGFP-Ago3 dynamically enters and exits nuage in BmN4 cells. Snapshots of time-series [in seconds (s)] before and after
bleaching are shown (for experiment in Figure 1D). The bleached granule is circled in red.
(C) Normalized fluorescence intensity of neighboring control non-bleached granules from the same experiment as shown in Figure 1C. The aimwas to ensure that
movement of the granules in and out of the focal plane did not account for fluorescence fluctuation seen in Figure 1C. Detailed explanation can be found in the
Extended Experimental Procedures. Prebleach phase was averaged and set to 1. Time (in seconds, s) of bleach stimulus is set to 0 s.
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Figure S2. VasaDQAD Accumulates with Endogenous Piwi Proteins in Nuage, Related to Figure 2
(A) Proteomics of Vasa complexes isolated from transfected BmN4 cells. List of factors identified is shown (a shorter version is presented in Figure 2A).
Enrichment value between positive and control samples are given for each protein and only enrichment values above 5 are indicated in the table.
(B) Detection of endogenous Qin/Kumo in BmN4 cell lysates using rabbit polyclonal antibodies.
(C) Co-precipitation of Ping-pong Piwi partners with HA-VasaDQAD, but not with HA-Vasa isolated from transfected BmN4 cells. However, treatment of cells with
the in vivo crosslinking agent DSP allows detection of Siwi with HA-Vasa.
(D) Increased accumulation of endogenous Ago3 in large nuage formed by HA-VasaDQAD in BmN4 cells.
(E) Increased accumulation of endogenous Siwi in HA-VasaDQAD nuage. Note that in untransfected cells, Siwi is predominantly present diffused in the cytoplasm.
The scale in all images of panels D-E is 24 mm.
(F) Quantification of signal intensity and surface area of Siwi- and Ago3-stained granules in BmN4 cells transfected with either HA-Vasa or HA-VasaDQAD
expression constructs. The results from three independent experiments (20 cells each) are represented as a ratio between that obtained with HA-Vasa (WT) or
HA-VasaDQAD (DQAD). The values for HA-Vasa (WT) were set to 1. Piwi granules increase in size and surface area in cells expressing HA-VasaDQAD. The error bars
represent SE between the different samples from three independent experiments.
(G) Arginine methylation of Vasa is required for nuage localization. Mutation of all twenty N-terminal arginines to lysines (R-K) in Vasa resulted in HA-VasaR-K being
completely diffused in the cytoplasm of transfected BmN4 cells. Endogenous Ago3 serves as a marker for the nuage. When an additional DQAD mutation is
made, the HA-Vasa(R-K)DQADmutant becomes enriched in the nuage. This shows that the protein transits through the nuage and becomes trapped in the nuage in
the presence of the DQAD mutation, very similar to the situation with HA-VasaDQAD. The conclusion from this experiment is that despite its steady-state
localization in the nauge, Vasa also freely circulates in and out of the nuage, as demonstrated by FRAP experiments (Figure 1C).
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Figure S3. Amplifier Contains Antisense piRNAs and Sense Transposon Transcript Footprints, Related to Figure 3
(A) RNAs associatedwith HA-Vasa(R-K)DQAD carrying DQAD and R/Kmutations. R/K, refers tomutation of the twenty N-terminal arginines (R) in Vasa to lysines
(K), and these are designed to prevent arginine methylation of the protein. The R-K mutation does not prevent association with RNAs, in vivo. The two prominent
small RNA species are identified as Amplifier-piRNAs and Vasa-footprints.
(B) Read-length distribution of sequences from Siwi and Ago3 libraries.
(C) Nucleotide-bias of reads from indicated libraries. Amplifier-piRNAs are mainly those present in Siwi. Preference for a 50U (U1) or an adenosine at 10th position
(A10) are indicated.
(D) Vasa-footprint reads map poorly to abundant cellular mRNAs like actin and rps5, indicating that sense transposon transcripts are the major in vivo targets of
Vasa.
(E) Scatter plots showing strong correlation for abundant Ago3 piRNAs and Vasa-footprint (12-mers) reads to map to the sense strand of transposon consensus
sequences. Similar correlation is seen for Siwi piRNAs (on antisense strand) and Vasa-footprints (on sense strand) mapping to opposing strands. Scenarios (right
panels) examining Vasa-footprint abundance from the antisense strand of transposon consensus do not show any correlation.
(F) Analysis of nucleotide bias within the 12-mer Vasa-footprint libraries reveals the absence of any, confirming the sequence-independent bindingmode of DEAD
box helicases.
(G) RNase-treatment of HA-VasaDQAD complexes and western analysis for presence of Siwi and Ago3 (experiment in Figure 3J). Signals were quantified and
values obtained for untreated sample was set to 1. While retention of both Piwi proteins is sensitive to the treatment, Siwi is much more dependent on RNA for its
retention in the complex.
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Figure S4. Design of an Artificial Secondary piRNA Precursor, Related to Figure 4
(A) Read-length distribution of sequences in indicated libraries. Note that the third panel shows length distribution of only reporter-derived artificial piRNAs
present in Ago3 libraries.
(B) Design of an artificial piRNA precursor based on the green fluorescent protein (GFP) backbone that was rendered noncoding by removal of all ATGs. There are
perfectly complementary binding sites for 14 individual piRNAs that were originally selected based on their abundance in sequenced Siwi piRNA libraries. The
above density plot (rpm, reads per million) shows the abundance of the same piRNAs in Ago3 libraries prepared in this study (Table S2:DH03-04), highlighting the
difficulties of sorting reads as specifically belonging to each Ping-Pong Piwi member. The scale is same as in Figure 4A, and it indicates that the reporter-targeting
piRNAs are predominantly present in Siwi complexes, while reporter-derived piRNAs are associating with Ago3.
(C) Cartoon showing details of artificial piRNA generation from the reporter at two locations (sites 1 and 4). Arrowhead shows cleavage site on the reporter by
antisense piRNA-guided Siwi. Red shows the 50 adaptor that was ligated to the RNAs in RACE experiments and in blue is the position of the 30 reverse-tran-
scription (RT) primer.
(D) Read-length distribution of Vasa footprints from experiment with co-transfected HA-VasaDQAD and the artificial piRNA reporter (as analyzed in Figure 4H).
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Figure S5. Crystallization of Bombyx VasaDQAD, Related to Figure 5
(A) Bombyx Vasa helicase domain with or without indicated point mutations were expressed and purified from E.coli as His-tag fusion recombinant proteins.
Subsequent to His-tag removal, proteins were purified over a heparin column (retains positively charged nucleic-acid binding proteins). Flow-through and bound
(and later eluted) fractions were monitored over time (in minutes, min) by absorption at A280 (above) and Coomassie gel (below). A small but significant part of
VasaDQAD protein failed to bind the column and was found in the flow-through, suggesting potential association with bacterial nucleic acids. Nucleic-acid free
proteins were used for further experiments.
(B) Binding of a radioactively labeled poly-U RNA to recombinant Vasa helicase domain proteins assayedwith UV crosslinking under conditions with (+) or without
(-) the non-hydrolyzable ATP analog AMPPNP.
(C) Crystals obtained with VasaDQAD-RNA- ADP-Pi.
(D) Overlay of crystal structures from BmVasaDQAD-RNA-ADP-Pi (blue) and DmVasa-RNA-AMPPNP (orange).
(E) Magnified view of the ATP-binding pocket in the Bombyx mori VasaDQAD-RNA-AMPPNP structure (PDB:4D25).
(F) Magnified view of the ATP-binding pocket in the Drosophila melanogaster Vasa-RNA-AMPPNP structure (PDB:2DB3).
(G) Magnified view of the ATP-binding pocket in the Bombyx mori VasaDQAD-RNA-ADP-Pi structure (PDB:4D26). The actual electron density (in green) showing
the presence of ATP hydrolysis products Pi and ADP within the protein.
(H) Thin layer chromatography experiment detecting ATP hydrolysis by recombinant Vasa helicase domain. High substrate; indicates that in addition to radio-
active 32P-g-ATP, the reaction was supplemented with cold ATP. Note that under these conditions, only the wild-type Vasa protein shows hydrolysis activity,
while VasaDQAD displays no detectable activity. This is explained by the fact that failure to release hydrolysis products makes the VasaDQAD protein a low-turnover
enzyme. Pi, inorganic phosphate.
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Figure S6. Infertility in vas Mutant Drosophila Females Is Not Rescued by a DmVasaDQAD Transgene, Related to Figure 6
(A) (Top) Western blot analysis of ovaries from wild-type (w1118) and transgenic flies expressing GFP-DmVasa or GFP-DmVasaDQAD. The anti-DmVasa antibody
recognizes both the endogenous and transgene Vasa. Aubergine (Aub) serves as loading control. Note that transgene expression levels are low compared to
endogenous Vasa. (Bottom) Similar analysis as above but with vasa (vas) mutants. Tubulin is the loading control.
(B) Fluorescence detection of GFP fusion proteins in transgenic fly ovaries in the vasmutant genetic background. GFP-DmVasaDQAD accumulates in nuages that
are removed from the regular perinuclear ring-like localization, potentially indicating an impact on the in vivo dynamics of the protein. (Bottom) Localization of the
GFP fusions to the pole plasm.
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Chapter 6. Functional study of FKBP6 
Résumé 
« Tudor domain containing protein 1 » (Tdrd1) s'est révélé être un facteur essentiel pour la 
biogenèse secondaire des piARN chez la souris (Reuter et al., 2009). Tdrd1 contient le domaine 
MYND, N-terminal, et les quatre domaines Tudor suivant. Le domaine Tudor se lie aux 
arginines diméthylée symétriquement (sDMAs), et MYND est, quant à lui, un domaine de liaison 
à doigt de zinc qui est impliqué dans l'interaction protéine-protéine. En raison de l'altération de la 
production d’piARN secondaires dans les souris mutante pour tdrd1, les protéines MIWI2 
appauvries en piARN sont délocalisées dans le cytoplasme. Par conséquent, le niveau de 
méthylation ADN du rétrotransposon LINE1 est réduite et les LINE1 sont déréprimés. 
Néanmoins, le fonctionnement de Tdrd1 au niveau moléculaire est toujours peu compris. Dans 
l'expérience de double hybride chez la levure, visant à identifier d'autres facteurs protéiques 
associés à Tdrd1 ainsi qu’à mieux comprendre la fonction moléculaire de Tdrd1, « FK-506 
binding protein 6 »  (FKBP6) a été détectée comme une nouvelle protéine associée à Tdrd1. 
Chez les souris mutantes pour FKBP6, les piARN primaires restent inchangés, tandis que la 
biogenèse secondaire des piARN est affectée et que les transposons LINE1 sont régulés à la 
hausse, copiant le phénotype des souris mutantes pour tdrd1. Comme d’autres cochaperones, 
FKBP6 s’associe avec la chaperonne moléculaire Hsp90 via son domaine tétratricopeptide 
(TPR). Dans la lignée cellulaire BmN4, dérivée des ovaires de Bombyx mori (ver à soie), 
l'inhibition de l'activité de Hsp90 conduit à l'accumulation des sous-produits antisens générés par 
l'activité slicer d’Ago3 dans le cycle d’amplification Ping-pong des piARN. Ceci, combiné avec 
le fait que les mécanismes de chaperonne participent également aux voies des miARN et siARN, 
indique un rôle conservé pour les machineries de chaperonne dans la biogenèse des petits ARNs. 
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Summary of the Chapter 
Tudor domain containing protein 1 (Tdrd1) was shown to be an essential factor for the secondary 
piRNA biogenesis in mice (Reuter et al. 2009). Tdrd1 contains the N-terminal MYND domain, 
followed by four Tudor domains. The Tudor domain binds to symmetrically dimethylated 
arginines (sDMAs). MYND is a zinc-finger binding domain that is involved in protein-protein 
interaction. Because of the impaired production of secondary piRNAs in tdrd1 mutant mice, 
MIWI2 depleted of piRNAs are mislocalized to the cytoplasm. As a result, the DNA methylation 
level of retrotransposon LINE1 is reduced and LINE1 are derepressed. Nevertheless, it is unclear 
how Tdrd1 functions at the molecular level. In the yeast-two-hybrid experiment aimed to identify 
other protein factors associated with Tdrd1 and to better understand the molecular function of 
Tdrd1, FK-506 binding protein 6 (FKBP6) was detected as a novel protein associated with 
Tdrd1. In the FKBP6 mutant mice, the primary piRNAs remain unchanged, while the secondary 
piRNA biogenesis is affected and the LINE1 transposons are upregulated, phenocopying the 
tdrd1 mutant mice. Like other cochaperones, FKBP6 associates with molecular chaperon Hsp90 
through its tetratricopeptide (TPR) domain. In Bombyx mori (silkworm) ovarian derived cell line 
BmN4, the inhibition of the Hsp90 activity leads to the accumulation of the antisense byproducts 
generated by Ago3 slicer activity in the piRNA amplification Ping-pong cycle. This, together 
with the fact that chaperon machinery also participate in miRNA and siRNA pathways, indicates 
a conserved role for chaperon machinery in small RNA biogenesis. 
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Contribution to the publications: 
In the publication entitled “A Role for FKBP6 and the Chaperon Machinery in piRNA 
Amplification and Transposon Silencing”, I contribute to Figure 4J and Figure S4. FKBP6 
interacts with and recruits Hsp90 into the piRNA pathway. To study the function of Hsp90, we 
treat BmN4 cells with Geldanamycin, a specific inhibitor that binds to the ATP-binding pocket 
of Hsp90. Interestingly, we detect a ~16 nt RNA species in Ago3 immunoprecipitation. Deep 
sequencing and analysis shows that this small RNA species are byproduct from antisense piRNA 
precursor generate by Ago3 cleavage and some unknown nuclease. In BmN4, there are peri-
nuclear nuage granules similar to the nuage in flies. They are locations where piRNA biogenesis 
occurs. The two Piwi proteins in BmN4, Siwi and Ago3, have different localizations. Ago3 
accumulate in nuage as most of the other piRNA factors, while Siwi is evenly distributed in the 
cytoplasm. We wonder whether the localization to granules is necessary to the production of the 
16 nt RNAs. There are many arginine-glycine (RG) repeats at the N-termini of Piwi proteins. 
These RG repeats are important for the localization of Piwi proteins (Kirino et al., 2009). We 
mutated all the putative arginines into lysines (R-K). These mutations results in the 
mislocalization of Ago3. The piRNAs isolated from the SiwiR-K and Ago3R-K didn’t show any 
difference, indicate that the localization to the nuage is not necessary to the loading of piRNAs 
into Piwi proteins. However, we failed to detect 16 nt RNA species in the Ago3R-K 
immunoprecipitate, it suggests that Ago3 can only meet its target in the nuage. Another 
possibility is that the unknown nuclease needed for the 16 nt RNA formation is only located in 
the nuage, explaining the absence of 16 nt RNAs in the Ago3 Ago3R-K immunoprecipitation. 
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SUMMARY
Epigenetic silencing of transposons by Piwi-interact-
ing RNAs (piRNAs) constitutes an RNA-based
genome defense mechanism. Piwi endonuclease
action amplifies the piRNA pool by generating new
piRNAs from target transcripts by a poorly under-
stood mechanism. Here, we identified mouse Fkbp6
as a factor in this biogenesis pathway delivering
piRNAs to the Piwi protein Miwi2. Mice lacking
Fkbp6 derepress LINE1 (L1) retrotransposon and
display reduced DNA methylation due to deficient
nuclear accumulation of Miwi2. Like other cochaper-
ones, Fkbp6 associates with the molecular chap-
erone Hsp90 via its tetratricopeptide repeat (TPR)
domain. Inhibition of the ATP-dependent Hsp90
activity in an insect cell culture model results in the
accumulation of short antisense RNAs in Piwi com-
plexes. We identify these to be byproducts of piRNA
amplification that accumulate only in nuage-localized
Piwi proteins. We propose that the chaperone
machinery normally ejects these inhibitory RNAs,
allowing turnover of Piwi complexes for their
continued participation in piRNA amplification.
INTRODUCTION
Piwi proteins are animal-specific Argonautes exclusively ex-
pressed in the gonads where they associate with 24–31 nucleo-
tides (nt) long Piwi-interacting RNAs (piRNAs) (Aravin et al.,
2007a; Ghildiyal and Zamore, 2009; Siomi et al., 2011). Together
they mediate silencing of transposable elements. Biogenesis of
piRNAs differs from that of other small RNAs in not requiring
double-stranded precursors and the activity of the RNase III
enzyme Dicer (Houwing et al., 2007; Vagin et al., 2006). In
contrast, long single-stranded precursors fromdiscrete genomic
loci called piRNA clusters are believed to be major sources of
piRNAs (Brennecke et al., 2007). These precursors enter a poorly
characterized primary processing pathway to generate piRNAs
with a strong preference for uridine at position 1 (U1-bias). In
a second pathway, the primary piRNAs can guide Piwi endonu-
clease (slicer) action on target RNAs. This generates 50 ends of
new secondary piRNAs, as proposed by the Ping-pong model
(Brennecke et al., 2007; Gunawardane et al., 2007). Primary
and secondary piRNAs usually enter distinct Piwi proteins, like
Drosophila Aubergine (Aub) and Ago3, respectively (Brennecke
et al., 2007; Gunawardane et al., 2007). Repeated cycles of
cleavage by primary and secondary piRNAs can amplify piRNA
populations via the Ping-pong cycle, and this is essential for
maintaining an overall antisense bias to active transposons in
flies (Li et al., 2009). In mice, a noncyclic Ping-pong interaction
between Mili and Miwi2 feeds secondary piRNAs into Miwi2
(Aravin et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa
et al., 2008). Acquisition of these piRNA guides facilitates nuclear
import of Miwi2, enabling its role in specifying de novo DNA
methylation of transposon promoters. Although progress has
been made in uncovering additional factors involved in these
processes, we lack information on their exact roles in the
pathway (Malone et al., 2009; Siomi et al., 2011). Here, we iden-
tify a requirement of mouse Fkbp6 for biogenesis of Miwi2
piRNAs. Similar to a cochaperone, Fkbp6 associates with the
molecular chaperone Hsp90 via its tetratricopeptide repeat
(TPR) domain. Finally, using an insect cell culture model we
demonstrate a role for Hsp90 in elimination of antisense RNA
Ping-pong byproducts from Piwi complexes, potentially facili-
tating turnover of Piwi complexes.
RESULTS
Fkbp6 Is Essential for LINE1 Transposon Silencing
Tudor domain containing protein 1 (Tdrd1) is a Piwi-associated
protein (Reuter et al., 2009; Vagin et al., 2009; Wang et al.,
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2009) that is required for the biogenesis of Miwi2-bound piRNAs
(Vagin et al., 2009) (Figure S1). To identify additional factors
acting in this pathway, we monitored Tdrd1 complexes for the
presence of proteins previously detected in the Piwi proteome
(Vagin et al., 2009) (M.R. et al., unpublished data). This identified
FK-506 binding protein 6 (Fkbp6) (Crackower et al., 2003) as
a component of the Tdrd1 complex (Figure 1A). Immunofluores-
cence analysis indicates that Fkbp6 is a cytosolic protein in fetal
male germ cells (gonocytes) (Figure 1B). However, unlikeMili and
Tdrd1 which are enriched in cytoplasmic granules called pi-
bodies (Aravin et al., 2009), Fkbp6 shows a diffuse distribution.
Mice lacking Fkbp6 display male infertility (Crackower et al.,
2003), a hallmark of all mouse piRNA pathway mutants. Since
LINE1 (L1) and IAP retrotransposon elements are under the
control of piRNAs, we examined their transcript levels in the
Fkbp6 mutant. Northern analysis indicates that L1 elements
are derepressed in the mutant, which was quantified by reverse
transcription PCR (qRT-PCR) to be 6-fold higher than in the
control (Figures 1C and 1D). Furthermore, L1ORF1p (Branciforte
andMartin, 1994), a protein product from the active L1 elements,
is also detected in the mutant germ cells (Figure 1E). We also
observed a reduction in DNA methylation on L1 elements
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Figure 1. L1 Retrotransposon Derepression in Fkbp6 Mutant Mice
(A) Detection of Fkbp6 in Tdrd1 immunoprecipitates from mouse testes lysates.
(B) Immunofluorescence detection of indicated proteins on embryonic day 18 (E18) testis cryosections. Fkbp6 is cytosolic and not enriched in pi-bodies
(arrowheads) containing Mili and Tdrd1. Scale bar is indicated.
(C and D) Northern analysis (C) and quantitative-reverse transcription PCR detection (D) for transposon mRNAs in testis total RNA from indicated genotypes.
Loading control (ethidium bromide for rRNA) is shown. The number in brackets identifies the biological replicates. Each bar represents individual biological
replicate and standard deviation (SD) between technical replicates within a biological sample is indicated.
(E) Detection of L1ORF1p in Fkbp6 mutant E18 testis.
(F) Methylation-sensitive Southern blot analysis for L1 elements using testis genomic DNA. A methylation-sensitive restriction fragment in the Fkbp6 knockout
mutant is indicated (arrow). HpaII (H) and MspI (M) are the methylation-sensitive and -insensitive restriction enzymes used, respectively.
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(Figures 1F and S1A), suggesting a failure to establish transcrip-
tional silencing (Aravin et al., 2007b; Carmell et al., 2007; Kura-
mochi-Miyagawa et al., 2008). However, IAP elements were
not affected in the mutant. This is unlike the derepression of
both retrotransposons seen in mouse mutants for the primary
processing factor Mov10l1 (Figure 1C). A similar L1-specific
derepression is also observed in the Tdrd1 and MiliDAH slicer
mutants (De Fazio et al., 2011; Reuter et al., 2009; Vagin et al.,
2009), supporting a role for Fkbp6 in the pathway in which
Mili and Tdrd1 operate.
Fkbp6 Is Required for Biogenesis of Miwi2-Bound
piRNAs
Piwi proteins Mili and Miwi2 share the same expression domain
from embryonic day 15 (E15) to three days after birth (P3), but
acquire their piRNA partners by distinct mechanisms. While
Mili receives mainly piRNAs by primary biogenesis, Miwi2 bene-
fits from secondary processing driven by Mili and Tdrd1 (Aravin
et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa et al.,
2008; Vagin et al., 2009) (Figure S1). To address the role of
Fkbp6 in piRNA biogenesis, we recovered Mili and Miwi2
RNPs from new born (P0) control and Fkbp6 mutant animals
and examined their associated piRNAs. Although Mili remained
associated with piRNAs in the Fkbp6 mutant, Miwi2-bound
species were drastically reduced (Figure 2A). Reduction of
Miwi2 piRNAs (28 nt reads) in the Fkbp6 mutant was also con-
firmed by deep sequencing of total small RNA populations (15–
32 nt) from P0 testes (Figures 2B and 2C). Mapping of total small
RNA reads to transposon consensus revealed a reduction in
L1-specific sequences in the mutant, consistent with the fact
that Miwi2 hosts much of the antisense L1 sequences in the
prepachytene pool (Aravin et al., 2008). Sequences mapping to
the IAP consensus were largely unchanged (Figure 2D).
The current model for biogenesis of Miwi2 piRNAs implicates
a direct role for Mili slicer activity and its associated piRNAs
(Aravin et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa
et al., 2008). This led us to examine the Mili-bound piRNAs iso-
lated from P0 mutant and control animals (Figures 2E and 2F).
The strong U1-bias indicative of their primary origin is preserved
in the mutant (Figure 2G). The normalized density of mapped
reads to generative prepachytene piRNA clusters was also
unchanged (Figure 2H). Furthermore, the ability of Mili piRNAs
to engage in piRNA amplification by intra-Mili cycling (De Fazio
et al., 2011) remains intact in the mutant, as indicated by the
unchanged A10-bias (Figure 2G) and the detected 10 nt comple-
mentary overlaps between Mili piRNAs (Figure S1I). Finally,
examination of piRNAs associating with Mili in P10 animals rein-
forces the conclusion that primary piRNA biogenesis remains
intact in the Fkbp6 mutant (Figures 2I and S1J–S1N). Taken
together, these data suggest that Mili remains competent in
initiating biogenesis ofMiwi2 piRNAs, but the subsequent events
fail in the absence of Fkbp6.
Miwi2 is predominantly nuclear-localized and its entry depen-
dent upon piRNA loading (Aravin et al., 2008; Kuramochi-
Miyagawa et al., 2008). Consistent with the failure to deposit
piRNAs in Miwi2, a reduced nuclear accumulation of Miwi2 is
observed in Fkbp6 mutant gonocytes (Figure 2J). However, the
enrichment of Tdrd1 and Mili within pi-bodies remains unaf-
fected in the mutant. Deficient loading of Miwi2 and its reduced
nuclear accumulation are phenotypes also shared by theMili and
Tdrd1mutants (Aravin et al., 2008; De Fazio et al., 2011; Kuramo-
chi-Miyagawa et al., 2008; Reuter et al., 2009; Vagin et al., 2009).
These results allow us to assign the three proteins, Mili, Tdrd1
and Fkbp6, to the same biochemical pathway leading to biogen-
esis of Miwi2 piRNAs.
Fkbp6 Is an Inactive Prolyl Isomerase that Associates
with Hsp90 via Its TPR Domain
To explore the biochemical role of Fkbp6, we dissected the
activities of its individual domains. Fkbp6 has an N-terminal
FK-506 binding (FK) domain and a C-terminal tetratricopeptide
repeat (TPR) motif (Figure 3A). The former identifies it as
a member of the peptidyl prolyl cis-trans isomerase (PPIase)
family (Lu et al., 2007). PPIases are enzymes that catalyze the
cis-trans isomerisation of prolines, bringing about conforma-
tional changes in target proteins (Wang et al., 2010). However,
our in vitro assays (Fischer et al., 1984) with recombinant
Fkbp6 failed to reveal any isomerisation activity (Figures 3A
and S2A). Furthermore, as expected for inactive isomerases
(Kamphausen et al., 2002) Fkbp6 showed no binding to the small
molecule inhibitor FK-506, while the active enzyme Fkbp12 dis-
played high affinity (Kd = 5.2 nM) (Figure 3B). A comparison
between crystal structures of the FK domain of active and inac-
tive isomerases (Structural Genomics Consortium) (Szep et al.,
2009) illustrates a conservation of the global architecture of the
catalytic pocket bounded by aromatic residues in Fkbp6 (Fig-
ure 3C). However, catalytically important residues are uncon-
served in Fkbp6 and its orthologs, allowing us to conclude that
the protein is inactive as an isomerase (Figure 3D). It is likely
that the FK domain might have evolved to mediate functions
unrelated to prolyl isomerisation, which are presently unknown.
The TPR domain (Figure 3E), is a module also found in other
proteins that serve as cochaperones, where it mediates associ-
ation with the molecular chaperone Hsp90 (Lamb et al., 1995).
Figure 2. Fkbp6 Is Required for Biogenesis of Miwi2 piRNAs
(A) Association of piRNAs with Piwi proteins examined by immunoprecipitation and 50 end labeling from new born pups (P0). RNA markers (nucleotides, nt)
are shown.
(B–D) Genome annotations (B), length distribution (C), and mapping to transposon consensus of reads (D) in testes total small RNA libraries from P0 animals.
(E) Distribution of read lengths of Mili-associated piRNAs from P0 animals is plotted.
(F) Genome annotation profile of reads is shown.
(G) The nucleotide preference at indicated positions of the piRNA is analyzed.
(H) Distribution of Mili reads on LINE1 consensus and two prepachytene piRNA clusters.
(I) Prepachytene piRNAs are still associated with Mili in the Fkbp6 mutant 10-day-old (P10) animals.
(J) Detection of indicated proteins in E18.5 fetal testes from indicated genotypes. Scale bar is shown.
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Fittingly, we can demonstrate an interaction between Fkbp6 and
Hsp90 in mouse testes extracts (Figure 3F). In the heterologous
system of HEK293T cells, endogenous Hsp90 interacts with HA-
Fkbp6 and this is mediated via its TPR domain (Figure 3G).
Crystal structure of a TPR domain in complex with the C-terminal
TPR-acceptor site peptide MEEVD of Hsp90 highlights the crit-
ical residues for this interaction (Lamb et al., 1995; Scheufler
et al., 2000). Significantly, mutation of a conserved Lys (K254A)
within the TPR domain of HA-Fkbp6 abolishes interaction with
Hsp90, proving the specificity of this interaction (Figures 3E
and 3G). These findings are further supported by earlier studies
that identified Hsp90 in fly and mouse Piwi complexes (Gangar-
aju et al., 2011; Vagin et al., 2009).
Mutations in the single Drosophila gene for Hsp90 (Hsp83 in
flies) are reported to activate transposons and impact levels of
a few piRNAs (Specchia et al., 2010), but its exact role in the
pathway is unclear. A direct role for Hsp90 is demonstrated in
the assembly of the RNA induced silencing complex (RISC)
(Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010).
However, these studies used in vitro cell-free systems which
are currently unavailable for recapitulating the entire piRNA
biogenesis pathway. Therefore, in order to probe the role of
Hsp90 in the piRNA pathway, we utilized the Bombyx mori
(Silkworm) ovary-derived BmN4 insect cell line, which is shown
to express functional orthologs of each of the involved proteins
and have an active Ping-pong cycle (Kawaoka et al., 2009).
BmN4 cells also express Shutdown (Munn and Steward, 2000),
the insect ortholog of Fkbp6 (Figure S2K). Using recombinant
proteins, we demonstrate a direct interaction between Bombyx
Shutdown and Hsp90 proteins, attesting to the conserved nature
of this interaction (Figure 3H). Our attempts to study its
function by knockdown strategies failed as we found these
cells to be refractory to RNAi-mediated manipulations. However,
the cell line is amenable to treatments with small molecule
inhibitors, an approach we took to study the role of Hsp90 in
the piRNA pathway.
Ping-Pong Byproducts Accumulate in Ago3 Complexes
upon Hsp90 Inhibition
To inhibit Hsp90, we treated BmN4 cells with Geldanamycin
(GA), a specific inhibitor that binds its N-terminal ATP-binding
pocket (Kamal et al., 2003). BmN4 cells express two Piwi
proteins, Siwi and Ago3, which accept piRNAs with primary
and secondary biogenesis signatures, respectively (Kawaoka
et al., 2009) (Figures S2C and S2D). The GA treatment (24 hr)
did not affect Piwi protein stability, subcellular localization, or
piRNA abundance in endogenous Piwi complexes (Figure 4A
and S2E–S2G). Strikingly, GA treatment resulted in the accumu-
lation of an additional RNA species of 16 nt in Ago3 RNPs
detectable from 24 hr posttreatment (Figure 4A). Deep
sequencing (Figure S3) and mapping of small RNA reads to
transposon consensus indicated that the opposing strand-
polarity of Siwi and Ago3 piRNAs (Kawaoka et al., 2009) was
not altered by the GA-treatment (Figures 4B and 4C). Interest-
ingly, the 16-mer reads consistently mapped to the strand oppo-
site to that bearing Ago3 piRNAs (Figures 4B and 4C). Confirming
our suspicion that they might be complementary to each other,
a majority (>60%) of the 16-mers were found to be perfectly
complementary to Ago3 piRNAs, with their 30 ends aligned oppo-
site to the 11th nucleotide of the piRNA (Figure 4D).
The Ping-pong amplification model predicts an Ago3 slicer
cleavage of a target RNA (between the guide positions 10
and 11) generating two fragments with distinct fates (Bren-
necke et al., 2007; Gunawardane et al., 2007). One fragment
with the 50 monophosphate end enters Siwi to mature as
a new piRNA. This is supported by the strong 50 end 10 nt over-
lap signature of Siwi and Ago3 piRNA (Figure S3C). The second
cleavage fragment carrying a 30 hydroxyl (30-OH) end is never
detected, presumably due to degradation. The 16-mer we
identified here arises from this 30-OH fragment, and hence is
a byproduct of Ago3 slicing (Figure 4D). Confirming its depen-
dence upon Ago3 slicing, the appearance of these byproducts
is sensitive to a catalytic triad mutation in Ago3 (Figure 4E).
Additionally, we detect 50 ends of Siwi piRNAs originating
immediately (16 nt) downstream of the byproducts (Figures
4F and S3F), supporting the conclusion that they are precise
degradation products of secondary biogenesis. Finally, similar
16 nt RNAs are also detected, albeit at very low levels, in
Ago3 RNPs isolated from untreated cells (Figures 4G and
S3G), suggesting that they are normally generated as a byprod-
uct during the Ping-pong cycle. In the absence of Hsp90
activity, the byproducts accumulate in Ago3 RNPs, awaiting
their ejection.
Vasa-positive cytoplasmic granules called nuages are sites of
piRNA biogenesis/function in Drosophila ovaries (Brennecke
et al., 2007; Lim et al., 2009). A similar colocalization with Vasa
is seen for Ago3 in BmN4 cells, while Siwi displays a more
uniform distribution in the cytoplasm with much fewer granules
Figure 3. Fkbp6 Is Inactive as an Isomerase but Associates with Hsp90 via Its TPR Domain
(A) Prolyl isomerization assay with recombinant full length Fkbp6 or its FK domain alone. Positive controls (Fkbp5, -3, and -12) and negative controls (-, buffer only
and GST) are indicated. The standard deviation (SD) between technical replicates is indicated.
(B) Isothermal calorimetry (ITC) measurements of binding between Fkbp12 or Fkbp6 (FK domain only) and the small molecule inhibitor FK-506. High affinity
observed with Fkbp12 is reported in Kd.
(C) Surface model of FK domains of human Fkbp12 and human Fkbp6 generated from crystallographic data.
(D) Alignment of residues forming the FK domain from demonstrated active or inactive isomerases. Identity (dark red) or biochemical conservation (light red) is
indicated by different background colors. The asterisk indicates one of the key residues (W60) in the active isomerases.
(E) Sequence alignment of TPR domains from indicated proteins. Highly conserved residues are shaded in red. The residue K254 (arrowhead) in mouse Fkbp6
when mutated abolishes interaction with Hsp90.
(F) Fkbp6 interacts with Hsp90 in mouse testes extract.
(G) HA-Fkbp6 coprecipitates endogenous Hsp90 from HEK293T cells by interaction via its TPR domain.
(H) Direct interaction between Bombyx Shutdown (BmShu) and BmHsp90 is demonstrated using recombinant proteins.
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(Figures 4H and S2G). We asked whether this specific localiza-
tion to granules is related to the detection of 16-mers in Ago3
RNPs. Since arginine (R) methylation is important for Piwi protein
localization in nuages (Kirino et al., 2009), we mutated all such
putative methylation sites in Ago3 to lysines (K), abolishing its
granular localization (Figures 4I and S2H). Importantly, mislocal-
ized Ago3R/K failed to accumulate the byproducts upon GA
treatment, although the protein was still stocked with the usual
set of piRNA guides (Figures 4J, 4K, and S4). Although Ago3
can acquire piRNAs irrespective of its localization to the nuage,
the absence of 16-mer byproducts in the Ago3R/K mutant
suggests an inability to engage targets when mislocalized. Alter-
natively, it engages the target RNAs, but the short byproducts
are not generated due to the absence of a potentially granule-
resident 50 nuclease activity.
DISCUSSION
Biogenesis of piRNAs proceeds via two biochemically distinct
pathways: primary and secondary processing. Here, we identi-
fied a role for the chaperone machinery in secondary piRNA
biogenesis. In the biogenesis model for Miwi2 piRNAs, endonu-
cleolytic cleavage of a target RNA initiates the process, after
which one of the cleavage fragments gets transferred to Miwi2
to mature as a secondary piRNA. Genetic studies have impli-
cated a multiple tudor domain containing scaffold protein
Tdrd1 and the RNA helicase Vasa as essential biogenesis
factors. Our study uncovers Fkbp6, a component of the Tdrd1
complex, as an additional factor (Figures 1 and 2). Similar to
known cochaperones, Fkbp6 associates with the molecular
chaperone Hsp90 (Figure 3F), potentially implicating the chap-
erone machinery in secondary piRNA biogenesis. A direct role
for the chaperone machinery is already reported for the
assembly of plant and fly microRNAs and siRNAs into the
RISC (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010).
The Hsp90 chaperone machinery is required to bring about
folding and conformational changes in a number of targets,
and its outcome can be modulated by the use of cochaperones
(Picard, 2002; Taipale et al., 2010). In fact, plant RISC assembly
is shown to require the activity of the cochaperone Cyclophilin 40
(Cyp40) (Iki et al., 2011). Taken together, our work implicates
a conserved role for the chaperone machinery in biogenesis of
all classes of small RNAs.
In the context of the RISC, ATP-bound Hsp90 associates with
empty Ago proteins to facilitate loading of small RNAs duplexes,
possibly by inducing conformational changes in the Argonaute.
Such a direct role during the loading step of both primary and
secondary piRNA biogenesis remains to be determined. Never-
theless, our work with the BmN4 cells indicates an additional role
for Hsp90: ejection of Ago3 slicer byproducts generated during
secondary biogenesis (Figure 4A). This is analogous to the
ATP-dependent turnover of Ago complexes after RISC cleavage
(Haley and Zamore, 2004), although Hsp90 appears not to be
involved in this process (Iwasaki et al., 2010). We propose that
conformational changes of Ago3 by Hsp90 might help to eject
these inhibitory RNAs, allowing Piwi to turnover. Pointing to the
importance of this process, RNA-seq analysis indicates an upre-
gulation of transposable elements in the GA-treated BmN4 cells
(Figures 3G–3I).
Fly mutants of the Fkbp6 ortholog Shutdown show fertility
defects, but its role in piRNA biogenesis remains unexplored
(Munn and Steward, 2000). Here, we demonstrated a direct
interaction between Bombyx Shutdown and Hsp90 (Figure 3H),
but how this complex contributes to the piRNA pathway remains
to be determined. Similar to Fkbp6, Bombyx Shutdown also
lacks catalytically important residues, suggesting that it might
be inactive (Figure 3). Consistently, treatment of BmN4 cells
with the FKBP inhibitor FK-506 failed to elicit any obvious effect
on piRNA biogenesis (Figures S2I and S2J). Thus, although our
data indicate a link between Fkbp6/Shutdown and Hsp90, it
remains to be seen if the precise mechanisms of action are
conserved between mammals and insects.
Our study reveals the involvement of a previously unsuspected
50 nuclease activity in the Ping-pong cycle, required for gener-
ating the 16-mer byproducts. We envision a scenario where,
after Ago3 slicing, this unknown nuclease attacks the 50 end of
Figure 4. PingPong Byproducts Accumulate in Ago3 Complexes upon Hsp90 Inhibition
(A) BmN4 cells treated with DMSO or Geldanamycin (GA) (incubation time in days) were subject to immunoprecipitation (IP) with Piwi antibodies. Bound RNAs
were detected by 50 end labeling, revealing 16 nt RNAs in Ago3 complexes. Note that RNAmarkers generated by alkaline hydrolysis (Alk.) migrate one nucleotide
(nt) faster than the actual size.
(B) Density of normalized reads from indicated libraries mapping to Bombyx transposon consensus.
(C) Heatmap showing overall strand-bias of reads from indicated libraries on 345 Bombyx transposon consensus sequences. Classification of transposons into
groups is based on that proposed by (Li et al., 2009).
(D) Correlation plot showing the distance between the 50 end of Ago3 piRNAs and 30 ends of 16-mer reads (byproducts) from the opposite strand. A model
showing the distance relationships between the Ping-pong partner piRNAs and 16-mer sequences.
(E) Appearance of 16-mer species is abolished by a catalytic triad mutation (ADH) in Ago3.
(F) Correlation plot showing distance between 50 ends of Siwi piRNAs and 16-mers (on the same strand) over indicated transposon consensus.
(G) Correlation plot showing distance between 50 ends of Ago3-associated short reads (12–20 nt) from untreated BmN4 cells and Ago3 piRNAs (on the opposite
strand) over the indicated transposon consensus. The peak at position 9 indicates a 10 bp overlap, potentially arising from degraded piRNAs. The peak at 25 is
indicative of short reads whose 50 ends are 26 nt away from the 50 end of Ago3 piRNAs. This peak derives exclusively from reads that are 16 nt in length (bottom
panel), indicating that these are potentially from the 16-mer byproducts generated during secondary biogenesis in untreated cells.
(H) Localization of endogenous Piwi proteins in BmN4 cells and their coloclaization with HA-tagged Bombyx Vasa.
(I) Arginine (R)/Lysine (K) mutation of Ago3 affects its granule accumulation in BmN4 cells.
(J) Association of piRNAs with HA-tagged Piwi proteins and their R/K mutant versions in BmN4 cells.
(K) The mislocalized Ago3R/K mutant fails to accumulate 16-mers upon Hsp90 inhibition (GA).
(L) 50 end labeling of RNAs with or without prior dephosphorylation is shown.
(M) A model showing the generation of 16-mers and implication of a 50 nuclease activity (50Nuc) in the Ping-pong cycle.
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the 30-OH cleavage fragment, leaving a footprint of the protec-
tion afforded by its presence in the Piwi complex. Supporting
this possibility, we find no correlation between the size of the by-
product and its base-paired Ago3 piRNA (Figures S3D and S3E).
This processing step then leaves the 16-mers with a 50 phos-
phorylated end (Figure 4L). Assuming that multiple Ago3 RNPs
simultaneously engage a long precursor (which could be up to
tens of kilobases long) (Brennecke et al., 2007), access to the
50 end of the byproduct fragment is only possible for an endonu-
clease (Figure 4M). Such a conclusion is supported by the
defined size (16 nt) of the byproducts, generated by the endonu-
clease activities of Piwi slicer (for 30 end) and the unknown 50
nuclease (for 50 end). In contrast, the piRNA read-lengths show
a Gaussian distribution (Figure S3A), consistent with the exonu-
clease activity of the 30 Trimmer that generates piRNA 30 ends
(Kawaoka et al., 2011). The action of this 50 nuclease will likely
contribute to accelerating the Ping-pong biogenesis in at least
two ways: first, it will promote accessibility of the 30 Trimmer (Ka-
waoka et al., 2011) to 30 ends of new Siwi piRNAs; second, it will
facilitate turnover of Ago3 by liberating it from a long precursor
RNA (Figure 4M). Finally, such a 50 nuclease activity seems to
be evolutionarily conserved, as slicer byproducts (19 nt
RNAs) similar to the ones described here are also detected in
mouse deep sequencing libraries (Berninger et al., 2011; Oey
et al., 2011). While our work using mouse and cell culture model
systems have identified new players and the molecular steps at
which they act in the piRNA pathway, development of cell-free
systems would be needed to obtain detailed mechanistic
insights into their workings.
EXPERIMENTAL PROCEDURES
Constructs, Antibodies, and Mouse Mutants
Details of all plasmids and mouse mutants used in this study can be found in
the Supplemental Information. Polyclonal antibodies toBombyx Siwi and Ago3
were raised in rabbits against an antigen consisting of 1–200 amino acids of
each protein produced in E.coli.
Protein Expression and Cell Culture
All expression constructs were transformed into the E.coli BL21 Rossetta
strain. Mammalian HEK293T cell cultures were transfected using Lipofect-
amine and Plus Reagent (Invitrogen), while BmN4 cells were transfected using
Fugene (Roche). Cells were treated with the Hsp90 inhibitor Geldanamycin
(10 mM; Sigma).
Isomerization Assay and ITC
Prolyl cis-trans isomerase (PPIase) activity was determined with a protease-
coupled assay. Isothermal titration calorimetry (ITC) experiments were carried
out using aMicrocalorimeter ITC200 (GE Healthcare). The structure models for
Fkbp12 (PDB ID: 2PPN) and Fkbp6 (PBD ID: 3B7X) were generated using Py-
mol from crystallographic data.
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Conclusion remarks 
 
piRNA pathways play central roles in transposon repression and are essential for germline 
development. Extensive genetic studies in last several years have led to the identification of a 
growing number of protein factors involved in piRNA biogenesis. Nevertheless, compared to 
miRNAs and siRNAs, piRNA biogenesis and their molecular function mechanisms are still 
poorly understood. One of the main reasons is the gonad-restricted expression of piRNAs and 
their associated Piwi subfamily, which limits the studies of piRNA pathway at the genetic level. 
In this thesis study, we carried out the functional studies of piRNA pathway factors by taking 
advantage of BmN4, a cell line derived from Bombyx mori (silkworm) ovary. BmN4 contains 
two Piwi proteins that are engaged in a robust ping-pong cycle, and it has been characterized to 
be an ideal cell culture for piRNA pathway study.  
                   Among the huge number of protein factors uncovered by genetic screening in the 
piRNA pathway, Tudor domain containing proteins constitute the largest family. Here, we 
demonstrate the biological function of a novel Tudor protein-Tudor domain containing 12 
(Tdrd12) in mice. Tdrd12 was never detected in previous proteomics studies of Piwi proteins. 
We show that Tdrd12 associates with MILI, and studies in the BmN4 cell culture indicate that 
the second tudor is essential for the interaction. Importantly, tdrd12 knock-out mice show defects 
in spermatogenesis. The biogenesis of secondary piRNAs which are loaded into MIWI2 is 
impaired. As a result, the retrotransposon are derepressed. Therefore, Tdrd12 is newly identified 
factors essential for secondary piRNA biogenesis. Nevertheless, how Tdrd12 function at the 
molecular level still remains a mystery.  
                  To further investigate the molecular mechanism by which Tdrd12 works, we aimed to 
find the complex that Tdrd12 is involved in. Exonuclease domain containing 1 (Exd1), was 
identified as a novel protein associated with Tdrd12. Our biochemical and biophysical data 
reveal that Exd1 interacts with RNA helicase domain of Tdrd12 through its N-terminal Lsm 
domain. Instead of being an active 3’ to 5’ exonuclease, Exd1 possesses single-stranded RNA 
binding activity. The crystal structure of Exd1 shows that Exd1 form homodimer, two monomers 
hook each other with the C-terminal helix. Interestingly, comparison of the two structures solved 
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in different conditions (with and without heavy metal) show a drastic movement of each 
monomer relative to each other. Therefore, we speculated that Exd1 might regulate the ATPase 
activity of Tdrd12, albeit this model is yet to be proved. Alternatively, Exd1 can also function as 
RNA carrier to handover RNA substrate to Tdrd12. The in vivo RNA substrates need to be 
identified by CLIP and deep sequencing. We believe our studies provide important insight into 
the molecular mechanisms by which the Tdrd12-Exd1 might work, although further 
investigations are required.  
             In addition, I also participated in the functional studies of another two factors in the 
piRNA pathway: Vasa and FKBP6. Vasa is a DEAD box RNA helicase. It is essential for the 
secondary piRNA biogenesis and is conserved both in flies and mice. “Ping-pong cycle” is the 
amplification of piRNAs between different Piwi proteins, and it has been supported by genetic 
studies. However, it is unclear how proteins orchestrate in this cycle. By introducing ATPase 
mutation into Vasa, we identify the “Amplifier complex” trapped on Vasa helicase domain. The 
“Amplifier complex” contains two ping-pong partners (Siwi and Ago3), Qin/Kumo, the 
antisense piRNA, and the sense piRNA precursor with 5’ end processed. We showed that Vasa 
functions to handover the 5’ end processed piRNA precursor from Siwi to Ago3. This is the first 
time a clear picture showing how ping-pong cycle is operating. We also found another protein 
FKBP6, which is important for the secondary piRNA biogenesis in mouse. Interestingly, FKBP6 
interact with and bring Hsp90 to the piRNA pathway. Taken together with the fact that Hsp90 is 
also required for siRNA and miRNA biogensis, it indicates a common requirement for Hsp90 in 
small RNA pathways. 
              Our molecular studies provide deep insight into the molecular mechanism of some 
protein factors in piRNA pathway. We believe that more detailed molecular studies combined 
with genetic studies will improve our understanding of piRNA pathway. 
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